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CHAPTER 1 
Introduction 
Methane production, methanogenic bacteria, and the role of energy in the 
reduction of carbon dioxide to methane. 
Methane production: 
Methanogenic bacteria on earth release about 10 1 2 m 3 of methane into 
the atmosphere per annum (Vogels, 1979). About 25% of this methane is 
formed in the gastrointestinal tract of animals (Prins, 1979) by methano­
genic bacteria partially in association with the rumen ciliates (Vogels et al., 
1980). These enormous quantities of methane are equivalent to the hundred­
fold annual household consumption of natural gas in the Netherlands (Krei-
ter, 1980). 
Most of the methane produced is 'lost' into the atmosphere, playing an 
important role in the atmospheric carbon cycle (Vogels, 1979). 
Since man built the first anaerobic digester in 1859 (Meynell, 1976) 
increasing amounts of methane are now being collected in the anaerobic di­
gestion of municipal, agricultural and industrial wastes both in developing 
countries (Singh, 1974; van Buren, 1979) and developed countries (Hobson 
et al., 1974). Though anaerobic methane production is widely used in the 
world - the People's Republic of China alone uses 7 χ IO6 digesters - and 
though it seems to offer promising appUcations in waste (water) treatment, 
one should realise its limitations as an economically attractive process (Hayes 
and Drucker, 1980; Sharman, 1976). Hobson et al. (1974) stated: "while the 
possible contribution (by anaerobic methane production) to the fuel re­
quirement of a nation may only be marginal, its contribution to the require­
ments of individual farms or factories may be useful". It is estimated that 
anaerobic digesters may contribute about 1 % of the energy demand of an 
industrialised country (Craens, 1975). To prevent that the poor will be 
deprived of the cow dung, that used to be produced and collected free, the 
introduction of anaerobic digesters in developing countries needs careful 
planning (Hayes and Drucker, 1980; Indira Gandhi, the Guardian 6-5-1980). 
To reduce building costs easily available materials should be used to construct 
the fermenters (van Buren, 1979), and local technology can be used, as in the 
prayerwheel-driven digester (Hayes and Drucker, 1980). 
Advantages and disadvantages of anaerobic digestion compared with 
aerobic treatment of waste water are described by Hobson et al. (1974), who 
also give a review of the microbial ecology and kinetics of methane produc­
tion in anaerobic waste disposal. 
Anaerobic digestion is drawing a lot of attention as may be clear from 
the many pubbcations in the newspapers (de Volkskrant 9-11-1977; de 
Gelderlander 28-3-1978; de Volkskrant 224-1978, de Gelderlander 254-
1978; Vrij Nederland colour pages 8, 1978; Zeit Magazm 7-9-1979, de Gelder­
lander 114-1979). 
Methanogenic bacteria: 
The legendary flame spitting dragon speculated upon by Stadtman 
(1967) and Wolfe (1971) must have been one of the first - be it archaeic -
methane producers of interest to man. Perhaps the first scientist working with 
anaerobic digestion at the Academy of Lagado and visited by Gulliver (Swift, 
1726) was not yet successful m his fermentation as his laboratory was filled 
with a 'horrible stink'. 
The realization of the possible assets of anaerobic methane production 
has stimulated research in recent years. A large number of reviews has now 
been pubhshed Sohngen, 1906; Barker, 1936, Stadtman, 1967, McBnde and 
Wolfe, 1971, Wolfe, 1971, Trevelyan, 1975; Mah et al, 1977; Zeikus, 1977; 
Zehnder, 1978; Thauer and Fuchs, 1978, Wolfe and Higgins, 1979, Smith et 
al., 1980. 
Pure cultures of methanogenic bactena grown on a large scale have been 
available only over the last decade opening the frontiers for microbiological 
and biochemical research. The twenty or so pure cultures of different strains 
of methanogemc bactena have been classified by Balch et al (1979) All but 
the acetate organisms of Zinder and Mah (1979) and Zehnder et al. (1980) 
grow on Hj and CO2, whereas some species also grow on formate, methanol 
or methylamines (Hippe et al., 1979) as their carbon and energy source. Only 
Methanosarcina barken and the afore-mentioned acetate organisms can grow 
on acetate alone. A number of other strains will cometabohse acetate when 
other carbon and energy sources are available (Zeikus et al., 1975). 
The organism studied in this thesis is Methanobacterium thermoauto-
trophicum strain ΔΗ (Zeikus and Wolfe, 1972) M. thermoautotrophicum is a 
strictly anaerobic thermophilic chemohthotrophic autotrophic microorganism 
growing solely on H2 and CO2 without the need for growth factors. Other 
strains of M. thermoautotrophicum have been isolated e g. stram OA (Zeikus, 
1977) and stram Marburg (Fuchs et al, 1978a) 
The production of methane during growth is the most obvious charac­
teristic of the methanogenic bactena, though methane is also produced in 
mmute quantities during growth of some strams of Desulfovibrio (Postgate, 
1969). 
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To date research has shown that the methanogens have a large number 
of biochemical characteristics to make them a unique and interesting group of 
microorganisms. The methanogens like the methylotrophs contain some co-
factors unknown to other procaryotes or eucaryotes. 
The first cofactor to be found was Coenzyme M (CoM) (McBride and 
Wolfe, 1971b), later identified as 2-mercaptoethanesulfonic acid (Taylor 
and Wolfe, 1974), and probably involved in at least some of the reductive 
steps from CO2 to CH4 (Wolfe, 1979). CoM has not been found in any non-
methanogenic organism (Balch and Wolfe, 1979). 
The second cofactor found was factor F ^ o (Cheeseman et al., 1972), 
later identified as a 5 deaza, 7 demethyl- 8 hydroxyflavin (Eirich et al., 1979; 
Pol et al., 1980) and generally believed to be the physiological electron 
acceptor for the hydrogenase (Tzeng et al., 1975; Zehnder and Brock, 1979). 
However deazaflavins like F420 are 1 H+/2 e" acceptors (Ashton et al., 1979); 
this and the highly charged nature of the molecule at neutral pH make it un­
likely that F4 2 0 would serve as the primary electron acceptor for the hydro­
genase if one assumes that the hydrogenase is involved in the production of 
the proton motive force according to the mechanism suggested by Thauer 
et al. (1977). F42o was long thought to be unique for methanogens, however 
it was recently (Eker et al., 1980) found in Streptomyces griseus at levels 
comparable to those in methanogens (Eirich et al., 1979). 
A series of other cofactors has been described in methanogens: compo­
nent В (Gunsalus, 1977); CDR factor (Romesser, 1978); F342 (Gunsalusand 
Wolfe, 1978a; Doddema and Vogels, 1978, Chapter 7 (this thesis); YFC, AC-1 
and AC-2 (Daniels and Zeikus, 1978); р4з 0 (Gunsalus and Wolfe, 1978; 
Diekert et al., 1979; Whitman and Wolfe, 1980; Diekert et al., 1980); B0, F A 
and FQ (Keltjens and Vogels, 1980). As the published knowledge so far is 
mainly limited to the names of the compounds it remains obscure what 
function they have and whether they are unique to the methanogens. How­
ever the presence of these compounds, some of which are strongly fluores­
cent, can be used for the tentative identification of the methanogenic bacteria 
in a mixed culture (Mink and Dugan, 1977; Doddema and Vogels, 1978), or 
the determination of the quality of anaerobic sludge (Delafontaine et al., 
1979). 
The biochemistry of the methanogens has some more surprises in stock. 
The composition of the cell walls (Kandier and Hippe, 1977; Kandier and 
König, 1978; König and Kandier, 1979), the composition of the cell mem-
branes which contain phytanyl glycerol ethers and squalenes (Makula and 
Singer, 1978; Tomabene and Langworthy, 1978), the nucleotide pattern of 
the 16 S r-RNA (Woese et al., 1978; Stackebrandt and Woese, 1979) and 
t-RNA (Best, 1977), and the length of the genome (Mitchell et al., 1979) are 
all unusual. Many of these characteristics are shared by some other organisms 
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living in extreme environments as the halobacteria, Sulfolobus and Thermo-
plasma. This has led to the concept that the afore-mentioned organisms 
belong to a third Ur-kingdom or primary kingdom in evolution (Woese and 
Fox, 1977). This kingdom is called the kingdom of the archaebacteria. The 
ancestors of the archaebacteria should have diverged in evolution at the same 
time as the eubacteria and the eucaryotes based on the depth of the branch­
ing within these kingdoms. The presence of phytanyl glycerol ethers in oil 
sediments indicates that methanogens with the present membrane composi­
tion existed at least 50 χ IO6 years ago (Michaelis and Albracht, 1979). 
In a group of organisms so obviously divergent from other bacteria it 
seemed interesting to study the mechanism of energy conservation to see 
whether the universal 'energy quantum' ATP would be synthesized via 
electron transport phosphorylation in a chemiosmotic way (Mitchell, 1966) 
thought unlikely earlier, as may be obvious from the much used term me­
thane fermentation. 
The role of ATP and the energized state of the membranes in the reduction 
оГСОг toCH4: 
The role of ATP in CH4 formation is well documented but poorly 
understood (Wolin et al., 1962; Wood and Wolfe, 1966; Roberton and Wolfe, 
1969, 1970; McBride and Wolfe, 1971; Gunsalus and Wolfe, 1977, 1978 a,b; 
Romesser, 1978; Shapiro and Wolfe, 1980). Over the last fourteen years the 
measured amounts of ATP required in in vitro methanogenesis has been re­
duced from 2 ATP/1 CH4 formed from methylcobalamin (Wood and Wolfe, 
1966) to 1 ATP/15 CH4 formed from methylCoM (Gunsalus and Wolfe, 
1978 b). The ATP requirement is best documented for the final reduction 
step at the methyl level (Pantskhava and Bukin, 1972; McBride and Wolfe, 
1971a; Gunsalus and Wolfe, 1978 b). Roberton and Wolfe (1969) and Mc­
Bride and Wolfe (1971) describe that once ATP had reacted, and a hexo-
kinase trap was added after a scheduled time, ATP per se is not an obligatory 
participant in methane synthesis from CO2 and H2. Experiments in our 
laboratory (van der Drift, personal communication) show that most of the 
ATP added to extracts had disappeared after about one hour incubation, but 
that CH4 production continues at the same rate. ATP can be replaced by 
numerous other nucleotides (e.g. GTP, ADP, ITP) (Blaylock and Stadtman, 
1966; Pantskhava and Bukin, 1972; Gunsalus and Wolfe, 1978b; Shapiro and 
Wolfe, 1980). In the experiments with whole cells (Roberton and Wolfe, 
1969; Wellinger, 1977) a relationship between ATP (and AMP) levels and 
methanogenesis can be seen. Uncoupling of oxidative phosphorylation 
results in a rapid decrease of ATP concentration slightly later followed by 
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a decrease in methanogenesis. Unfortunately the time scale of these experi-
ments is so large that the precise kinetics of inhibition of ATP and CH4 syn-
thesis can not be accurately determined. The lack of inhibition of methane 
synthesis by ATP synthetase inhibitors has been used to demonstrate that 
ATP functions as a catalyst (Roberton and Wolfe, 1969) or to suggest that 
CH4 production is independent from ATP (Sauer et al., 1979). However 
Roberton and Wolfe (1969) used ouabain, and Sauer et al. (1979) used DCCD 
and oligomycin, which inhibitors were shown to be ineffective as ATP-ase 
inhibitors at least in M. thermoautotrophicum (Doddema et al., 1978; Kell et 
al., 1980; Chapters 2 and 5 of this thesis). 
All these data indicate an unspecified catalytic role of ATP in methano-
genesis. 
The first to report CH4 synthesis by crude membrane preparations of 
Methanobrevibacterium ruminantium without added ATP were Sauer et al. 
(1979; cf. Sauer et al., 1977). The authors showed that the presence of the 
energized state of the membranes rather than ATP is of vital importance for 
methanogenesis. Uncouplers of oxidative phosphorylation, membrane-
permeable cations dissipating the membrane potential, and desoxycholate 
dissolving the lipid membranes inhibited CH4 synthesis. CH4 synthesis by 
whole cells of Methanobacterium bryantii (Roberton and Wolfe, 1970) and 
of Methanobrevibacterium arboriphilus strain AZ (Wellinger, 1977) is also 
blocked by uncouplers of oxidative phosphorylation. Cell extracts of M. 
bryantii (Roberton and Wolfe, 1969) and M. thermoautotrophicum (Geraeds 
and Doddema, unpublished results) also show uncoupler-sensitive CH4 pro-
duction. These data indicate that the energized state of the membrane is 
important for methanogenesis. The role of the energized state of the mem-
brane is discussed by Kell et al. (1980). 
Membranes, ATP synthesis and CO2 reduction: 
It was the object of this study to show that ATP synthesis occurred via 
electron transport phosphorylation in a chemiosmotic mode (Mitchell, 1966), 
eventually coupled to methane synthesis. In this respect the internal mem-
branes present in the methanogenic bacteria M. ruminantium, Methanobac-
terium formicicum, M. bryantii (Langenberg et al., 1968), M. thermoauto-
trophicum (Zeikus and Bowen, 1975a) and Methanospirillum hungatei (Zeikus 
and Bowen, 1975b) are very intriguing. Also the supposedly gas vacuoles in 
M. barken (Zhilina, 1971), or the granular structure in M. barken (Zeikus 
and Bowen, 1975a) and Methanogenium marisnigri (Romesser et al., 1979) 
might be thought of as possible sites for oxidative phosphorylation and 
methane synthesis. At least in M. thermoautotrophicum the hydrogenase and 
ATP synthetase are localised on these internal membranes (Doddema et al., 
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1979; Chapter 3 of this thesis). Pantskhava and Syromyatnikov (1973) 
showed that the methylreductase of Methanobacillus kuzneceovii is a mem-
brane-bound enzyme; this culture has been poorly described however. Sauer 
et al. (1977, 1979) showed CH4 synthesis from CO2 by membrane particles 
of M. ruminantium. One may speculate that the intracellular membranes in 
the methanogens are the site of ATP synthesis and CO2 reduction and con-
sequently name them 'methanochondria'. 
The vectorial orientation of the oxidative and reductive enzymes, and 
the ATP synthetase may even be as in the eucaryotic mitochondria as an 
ADP/ATP translocase is present (Doddema et al., 1980; Chapter 4 of this 
thesis); however this remains highly speculative. 
Oxidative phosphorylation 
Anaerobic oxidative phosphorylation is well documented (Thauer et 
al., 1977) in sulfate and nitrate respiration; so a CO2 respiration should not 
a priori be thought unlikely as done before. Methanogens growing on H^ and 
COj can only synthesize ATP via electron transport oxidative phosphoryla-
tion, as substrate level phosphorylation can not occur (Thauer, 1977). Oxida-
tive phosphorylation by membrane vesicles of M. thermoautotrophicum has 
been described recently (Doddema et al., 1979). Fumarate reductase can not 
be involved in the energization of the membranes as suggested by Gottschalk 
et al. (1977), and Gottschalk and Andreesen (1979), as this enzyme is only 
involved in anabolic pathways in M. thermoautotrophicum (Fuchs et al., 
1978). 
The methanogenic bacteria growing on methanol and acetate pose a 
difficult problem as far as ATP synthesis is concerned. Substrate level phos-
phorylation involving tetrahydrofolates (Stadtman, 1967; cf. Wood et al., 
1965) has been suggested, but the involvement of tetrahydrofolates is un-
likely (Sauer et al., 1979). Chemiosmotic processes for ATP synthesis have 
also been suggested (Wolfe and Higgins, 1979; Zehnder et al., 1979) but 
theoretical arguments against their operation may be raised (Kell et al., 1980). 
The membrane-bound ATP synthetase present in M. barken (Mountford, 
1978), which can also be shown by electron microscopy to be present on the 
cytoplasmic membrane (Doddema and Veenhuis, unpublished observation), 
may only function in the energization of the membrane for transport pro-
cesses (Hamilton, 1977). Membrane vesicles of M. barkeri did not show un-
coupler-sensitive ATP synthesis (Geerts, unpublished results), under condi-
tions where M. thermoautotrophicum vesicles did. What mechanism for ATP 
synthesis is operative during growth on methanol or acetate remains to be 
elucidated. 
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CofactOTS involved in electron transport 
Quiñones have not been detected in methanogenic bacteria (Thauer et 
al., 1977). Cytochromes are also absent, except for cytochrome Ъ5$9 present 
in M. barken (Kühn et al., 1979) growing on methyl compounds. According 
to those authors cytochrome bs s 9 may not be involved in an oxidase reac-
tion, but rather in the biochemistry of the methyl compounds. 
A large number of unidentified cofactors (see above) is present in the 
methanogenic bacteria, some of which can be involved in electron transport. 
The cofactor B0 (Keltjens and Vogels, 1980) can be reversibly reduced; it 
stimulated ATP synthesis by membrane vesicles of M. thermoautotrophicum 
(Doddema et al., 1980), and renders CH4 production by crude extracts of 
this organism ATP independent (Geraeds, unpublished results). Also caro-
tenoids are present in M. thermoautotrophicum (Keltjens, unpublished 
results). It has been suggested before that the carotenoids may function in 
electron transport (Tommen, 1971). The hydrogenase contains a acid-labile 
light-sensitive cofactor (Chapter 6) which also may be involved in electron 
transport. 
Concluding remarks 
The following chapters describe the results of experiments to show at 
least qualitatively that ATP is generated by oxidative phosphorylation in M. 
thermoautotrophicum. More quantitative research (e.g. -»• H+ /2 e' determina-
tions, Δ pH and ΔΦ magnitude measurements) have not yielded meaningful 
results yet. This is partially due to the extreme oxygen sensitivity of the test 
system, posing high demands on techniques, and partially due to the many 
unknowns (electron carriers, reductive pathways, inhibitors), which makes 
planning of experiments difficult. The experiments described may serve as a 
stepping-stone for future research in methanogenesis, the social importance 
of which I have tried to outline earlier in this introduction. 
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The membrane bound ATP synthetase complex of Methanobactenum ther 
moautotrophicum showed maximum activity for ATP hydrolysis at pH θ at 
temperatures between 65 and 70eC and at an ATP Mg^* ratio of 0 5 Anaerobic 
conditions were not prerequisite for enzyme activity The enzvme showed a K
m 
value for ATP of 2 mM and activity was Mg¿ dependent Мпг* Co¿* Ca¿* and 
Zn2* could replace Mg1* to some extent Other nucleoside triphosphates could be 
hydrolyzed Λ N dicyclohexylcarbodiimide inhibited ATP hydrolvsis A proton 
motive force artificially imposed by a pH shift or valinomycin resulted in ATP 
synthesis in whole cells The ATP synthetase complex of the thermophilic 
methanogenic bacterium is similar to those described in aerobic and anaerobic 
microorganisms 
bnergization of various membrane bound 
proceshes such as active transport of neutral 
and umie solutes and А ГР s\nthesis \ia the 
membrane bound proton translocating A I V 
synthetase (АТРаче) is brought about bv chem 
losmotu coupling (5 11) The properties of the 
А ГР synthetase compltx of microorganisms 
have heen devnbed for both aerobn Ili and 
anaerobic muroorgamsnis (141 
The methane producing bacteria are phvlo 
genetu ally verv old organisms (Z) and it seemed 
interesting to investigate the properties of ihe 
AT I' svnthetase complex 
Ί he necessitv of А ГР for methane production 
in extracts of methanogenic bacterid has been 
reported (U IS lb) Both hvdrolvsis of A I Ρ t>\ 
cell extracts U r) lb) and a rise m A T P m m en 
1 ration in whole cells during methane ρ rod u с t ion 
(1(>) have been demonstrated but the A 1 Pase 
has not been studied further 
Kecentlv Ί hauer et al (Irti reviewed energv 
conservation mechanisms in anaerohu microor 
ganisnis These authors suggest that A T P pro 
duction in methanogenu bacteria is coupled to 
elettron transport resulting in the reduction of 
( O t o C H , 
In this paper we describe the properties of the 
membrane bound AT Pase of Mefhamtbacte 
пит thirmoautotrnphuum Also tht svnthesis 
of ΑΊ Ρ using an artifit lallv induced proton mo 
1 m ( o n e is demonstrated in Λί thirmoautotro 
phmtm Methanobactenum formic и urn and 
Wtthanohat ter mm strain MoH 1 he lun' t ionof 
(he A 1 I* s\nthetase in the phvsiologv of met h 
anogeniv bat tena is discussed 
MATLRIAUS A N » МЬТНОПЧ 
Organisms Vf thtrmnautotntphiium strjin ДН 
M fuiniHKuni and Wcthani bmiïnum strain MoH 
wireKifts fnim H s Л ilft [ Ншпл 111 Tht orpimsms 
were grown in a 12 liter fermentor at 60 eC ( W ther 
moautotrophicum) or 3"0C in a pH " 1 medium con 
Urning in millimolar concentrations NaHCO 4Ü 
KHPO, 15 К H PO, 7 5 NaCI 12 cysteine hvdro 
chlonde 15 4a¿S 1 (NH.l-hÜ« 0 1 NH,U 008 and 
МеЫ)« CeClj andlNH*) Fe(S0,)¿ 0 02 The medium 
was supplemented with resazunn (OOOl^ r) and trace 
elements )19( W formtcicum and Methanobactenum 
strain MoH were cultured bv the method of Ferr> and 
Wolfe (4) As a carbon and energv source an H COj 
1Й0 and 20*т [vol/vul] respectively) gas mixture was 
used 
Унт A 11' hwlrolw- levis tht «ells wir» htirvtsltd 
ailier ІІЖЛНЧ tl ihi ι tul ι>Γ (h< «Χ|Μ>ΙΗΙΙΙΙΙΙ Krouth 
|)has» w il h η Shurples ι uni inn· us 11 ni rifun» Ί he \ leid 
was il) ui I к <*t wii^ht) per liter Ihe cells wire 
wishid twui in ¿Μ mM anaerobi» tris(h\(lrnx\ 
mt ihvliamiminuiham Π risi hvdriKblonde buffer 
pH > ind ilDml al -44) С und» r an atmosphere of 
Η in samples of about > к Ьчг A l l ' s\nthesis in 
wh >le n i l s чат pi es were taken during txponential 
growth ni tht lulturt After th» tells wen tol let ted 
no pmautions were taken to maintain on anatrohu 
nvinjnment hi ι HUM ihe A l l ' 4\nthelHsi tomplex 
i|)pi m d iiismsilivi lu nxvgen Cells were washed 
twue in u 0 Ι M sodium phosphate buffer pH ~ r) and 
used immednwh 
IV» paration of membrane fraction ( ells uere 
4iis|M-iidtd негоЬкаІІ in 10 mM glvune ISaOH buffer 
|)H H (otitaming 10 mM Mgtl to κι\ι a final 
toni» Mirali η ol JO Iwtlwtightl І)»м>дчгіІ«иіи» least 
(10 μ%/π\\) was added and the paste was passed 
through a French pressure cell at 151 MPa until most 
of the cells were broken The broken cell suspension 
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was cenlnfuged at 40C for 10 mm at 10,000 x g The 
supernatant fraction was centnfuged al 4 e C for 3 h at 
140,000 x g The pellet, washed twice in 10 mM 
glycme-NaOH buffer, pH 8 7, containing 10 mM 
MgCI, was resuspended in a small volume of the same 
buffer Portions of 1 ml were frozen in liquid m trog«? η 
and stored at -90° С These fractions did not lose 
ATPase activity during 12 months of storage 
ATPase activity. ATPase activity was assayed by 
measurement of inorganic phosphate (3) hydrolvzed 
from nucleotides at 65 0C To 1 5 ml of a 0 1 M glyune-
NaOH buffer, pH θ 0 at 65°C, containing 5 mM MgCI , 
0 1 ml of membrane fraction (0.1 to 0 6 mg of protein) 
was added This mixture was incubated at 65°C, after 
1 mm the reaction was started by the addition of 0 1 
ml of nucleotide dissolved m glycme-NaOH buffer to 
give a final concentration of 2 5 mM Under the»« 
conditions the reaction was linear for at least 10 mm 
To determine the effects of W,/V'-dicyclohexvlcar 
bodumide (DCCD) on the enzyme activity, 0 1 ml of 
an ethanohc DCCD solution prewarmed to 470C was 
added to the assav mixture at 47 0C After 10 mm the 
reaction was started by the addition of ATP A control 
experiment was done lo test the effect of ethanol 
alone At higher incubation temperatures, the inhibi­
tion was less marked, presumably due to decomposi­
tion of DCCD 
One unit of activity is defined as the amount of 
enzyme which produced 1 цто і of inorganic phosphate 
per mm at 650C Specific activity is expressed in units 
per milligram of protein 
Protein was determined by the method of Lowr\ el 
al (9), using bovine serum albumin as a standard 
A T P eynthesie in whole cells. The cells were 
suspended in 0 1 M sodium phosphate buffer pH 7 5 
to give an optical density at 800 nm of 2 lo Í, corre-
sponding to about 0 5 to 1 mg (drv weight) per ml The 
suspension was stored on ice After a 5-mm incubation 
at the test temperature, the suspension was either 
acidified with 6 N HCl, or valmomycm was added 
Samples were taken at regular intervals and rapidly 
pipetted into test tubes at 100oC, ATP was extracted 
by boding for I mm The test tubes were cooled 
rapidly, and the suspensions were centnfuged in an 
Eppendorf Я12 centrifuge The ATP content in the 
supernatant was measured by the lucíferas« system of 
Kunrmcketal ( ) 
Dr> weights were determined by drying in vacuo at 
50oC 
Potassium was determined by Пате photometry 
(10) or with a Philips IS 561 potassium electrode The 
intracellular pH was calculated from the distribution 
of the weak acid 5,5 [MC]dimethvl 2,4 oxazolidine-
dione between the intracellular space of the cells and 
the medium, using ['Hlinulm аь a marker for extra 
cellular water (17) Cell water was determined by using 
'H-O and ["CJinulm and assuming lhal water freely 
permeates the cell membrane, whereas inulin does not 
The rate of H* uptake was measured b> the method 
of Harold and Baarda (β) 
Chemicals . Gases were obtained from Hoek Ілю\, 
Schiedam Holland To remove all traces of oxygen, 
ihe gases were passed over a calalvst (BASF H.)-ll) 
at about 150oC 
DCCD was purchased from Aldnch Kurope, Beerse, 
Belgium, carbonylcyanide-m-chlorophenylhvdrazone 
was purchased from Calbiochem, La .J olla, Calif, val-
inomvcm, deoxynbonuclease and nucleotides were 
purchased from Boehnnger. Mannheim Germany 
[3H]inulm was purchased from the Radiochemical 
Centre, Ameraham, England, and 5,5'["C]dimeth-
yl 2,4 oxazohdinedione and J H20 were purchased from 
New England Nuclear Corp , Boston, Mass AU other 
chemicals were of analytical grade and obtained from 
E Merck AG, Darmstadt, Germany 
RESULTS 
Demonstration of membrane-bound 
ATPase. ATPase activity was found mainly in 
the 140,000 x g pellet The supernatant con­
tained between 5 and 10% of the activity present 
in the membrane pellet After 3 da>s of storage 
at —'Ю, 4, or 20oC, the enzvme had not lost 
activity significantly When frozen slowly at 
-20 o C, membrane particles aggregated, with a 
concomitant loss in ATPase activity The activ­
ity could be restored by bnef sonic oscillation 
Characterization of the membrane· 
bound ATPase. The M thermoautotrophicum 
ATPase showed a temperature optimum be­
tween 65 and TO^C This value corresponds well 
with the optimal growth temperature of the 
organ us m (20) 
The pH optimum was located between pH 
7 5 and β (Fig 1) Buffers such as borate. Tris. 
specfic activity 
Fie l pH activity curve of the ATPase from M 
thermoautotrophicum Symbols O, 0 1 Ai Tris ma 
léate buffer, · . 0 I M imidazole buffer. Δ, 01 M 
glycine NaOH buffer, A, 0 I M TES buffer The pH 
was determined at 65aC at the end of the incubation 
period 
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TES (N-tns(hydroxymethyl)methyl-2-«mmo-
methane-sulfonic acid), and diethanolamine 
were inhibitory Tna and borate at 0 1 M in-
hibited 50 and almost 100**, rebpectivelv, when 
compared with the activity measured in glycine-
NaOH at the same pH 
The activity of the enzyme depended very 
strictly on the presence of divalent cations (Ta-
ble 1 • Maximum reaction velocity was observed 
at an ATP-Mn* ratio of 1 (Table 1) and at an 
ATl'-Mg^ ratio of about 0 5 (Fig 2) The en-
¿yme showed normal Michaehs-Menlen kinet-
TABLE 1 Effect of divalent cations on the ATPase 
activity of M thermoauiotrophicum" 
Iniuhaurtn muture 
ration 
^^m^•n 
ImMI 
10 
5 
2 5 
5 
5 
ATI ' 
toni η (mMl 
5 
5 
5 
10 
2 5 
ATPaseattivilvWl wilh 
Mg ' Μ η • 
100 55 
8Я 45 
4β 73 
27 83 
75 54 
Co · 
21 
37 
34 
48 
32 
Cu Zn · 
32 5 
29 5 
51 29 
31 5 
29 5 
' The s|H4ifk at tivitv of the ATPase with 10 mM 
M(î'*-5 mM ATI* was 0 24 at Ы"С This value was 
taken a.4 IVnY* Without added cation, the aUtvii\ was 
bflow 2'r 
specific activity 
concentration | 
FIG 2 ATPase activity of M thermoautotrophi 
cum as a function of the ATP Mg** ratio Symbols 
Δ, ATP at 28 mM and Mg1* varied an indicated on 
the abscissa, О Mg" at 5 mM and ATP varied as 
given on the abscissa, · , ATP Mg** ratto at 05 und 
ATP concentration as given on the abscissa 
ics. At an ATP.Mg2+ ratio of 0.5, the K
m
 for 
ATP was 2 mM, as determined from the data 
given in Fig. 2. Table 2 shows the substrate 
specificity of the enzyme Besides ATP, the en­
zyme hydrolyzed GTP and LTP ADP and AMP 
were not hydrolyzed and did not inhibit ATP (5 
mM) hydrolysis when added at concentrations 
of up to 0 7 mM 
The enzyme was inhibited by DCCD at con­
centrations above 10 μΜ, at 100 μΜ the enzyme 
activity was decreased to 40% of the original 
level. Ouabain did not inhibit the enzyme in 
concentrations of up to 0 1 mM 
Preincubation of membranes for 10 mm at 
.'I70C with trypsin (100 μg/mI) led to almost 
(omplete inaclivation of ATPase activity as 
measured at 65°С Addition of sodium dithionite 
(1 mM) did not stimulate the enzyme 
Solubilization of the ATPase. The enzyme 
was not solubilized bv repeated washing with 0 1 
M glvcine-NaOH buffer, pH 8.7. in the absence 
of Mg '. bv washing with buffers with a low (1 
mM) or high (2 M LiCI) ionic strength, or bv 
treatment with 50 mM NH4HCO, buffer. pH 9 0, 
containing 5 mM ethvlenediammetetraacetic 
acid (1> Further attempts to solubilize the en­
zyme were not made 
ATP synthesis by an artificially imposed 
proton-motive force. The internal pH of the 
t ells was pH 7 6 The < reation of a pH gradient 
at ross the cell membrane by towering the extra­
cellular pH resulted in ATP synthesis (Fig -i) 
The internal potassium concentration was 2β0 
mM Addition of valinomvcin (20 μΜ) also re­
sulted in ATP production in whole cells of M 
thermoautotrophicum and extrusion of potas­
sium into the buffer Addition of 5 mM KCl 
inhibited ATP synthesis bv 75fr 
Proton uptake after a pH shift could hardly 
be measured, even in the presence of valinomv­
cin (2(1 μΜ) combined with 2.4-dinitrophenol (1 
mM) or carbonylt \anide-m-chlorophenvlhvdra-
zone (20 μΜ) The uncouplers surprisingly in­
creased ATP synthesis, rather than inhibiting it 
TABLE 2 Substrate specificity of the ATPase of M 
thermoautotrophicum" 
ATPase auivity ('<) at a nucleotide (oncn 
u i . . . «f 
ATP 
GTP 
L'TP 
75 
42 
40 
100 
90 
62 
100 
107 
104 
" The specific activity of ATPase with 5 mM 
ATP-10 mM Mg¿* was Ò 19 at 670C This value was 
taken as 100r( At all incubations the substrale-Mg~* 
ratio waa 0 5 ADP and AMP were not hydrolyzed 
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ftfflolcs ATP/g dry «eqht 
0 1 2 3 
time Inunl 
Fic 3 ATP synthesis m M thermoautotrophicum 
cells driven by an artificial proton motive farce A 
proton motive force was imposed by addition of HCl 
or valtnomyctn ATP levels were determined as de 
scribed in the text The external pH u-as shifted from 
75 to 62 or 54 ІА). from 7 5 to 4 {&) andfrom75to 
3 (Ol ( · ) Valtnomyctn (20 μΜ) was added 
D C C D (100 μΜ) did not influence A T P synthe­
sis in whole cells induced by а pH shift 
DISCUSSION 
Centrifugati on of cell-free extracts of M ther 
moautotrophicum at 100,000 x g for 1 h resulted 
in poor recovery of the ATPase in the pellet, 
prolonged centnfugation for J h at 140 000 x g 
resulted in a visually larger pellet with higher 
specific enzvmit activit> Similar results were 
obtained with sonicallv disrupted Azotobacter 
vinelandn cells (7) The breakage procedure 
used probably resulted in smaller membrane 
particles than in Clostridium pasteunanum 
(14) This and aerobic procedures used пг^ Ьа м 
destroyed most of the membrane-bound ATPase 
activity in M formicicum and Methanobacte 
пит strain MoH membranes (data not shown) 
However, preliminary experiments with whole 
cells of M formicicum and Aiethanobactenum 
strain MoH showed the presence of an ATP 
synthetase responding to an artifically imposed 
proton-motive force, so the tonctusion that a 
membrane-bound ATP synthetase complex is 
present in methanogenic bacteria appears justi­
fied 
The properties of the ATPase of M ther 
moautotrophicum resemble those of other bac­
terial ATPases (1, 12) Stimulation of ATPase 
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by trypsin has been observed with different bac­
teria (12), m contrast, the ATPase of M ther 
moautotrophicum is inactivated by trypsin 
treatment A similar observation was made with 
С païteurianum ATPase (14) 
The results with the uncouplere are surprising 
and in our opinion might be due to the unusual 
properties of the cell wall (O Kandier, personal 
communication) and the internal membrane of 
methanobactena (19) 
The ATP synthesis found in whole cells as a 
result of an artificially imposed proton-motive 
force indicates that the ATP synthetase complex 
could very well be functioning in an electron 
transport proton-translocating system to pro-
duce ATP The hydrogenase present in meth-
anogenic bactena may be the producer of a 
proton gradient The ATP synthetase could re-
spond to this proton gradient to produce ATP 
Alternatively, the enzyme may function in the 
production of a proton-motive force, at the cost 
of ATP hydrolysis, to enable transport of solutes 
across the cell wall 
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Hydrogenase and the adenosine 5'tnphosphate (ATP) synthetase complex, 
two enzymes essential m ATP generation in Methanobacterium thermoauto­
trophicum, were localized in internal membrane systems as shown b> cytochem-
ical techniques Membrane vesicles from this organism possessed hydrogenase 
and adenosine triphosphatase (ATPase) activity and synthesized ATP dnven by 
hydrogen oxidation or a potassium gradient ATP synthesis depended on anaer­
obic conditions and could be inhibited in membrane vesicles by uncouplers, 
nigencin, or the ATPase inhibitor iV,A"-dicyclohexylcar bod umide The presence 
of an adenosine 5'-diphosphate- ATP transiocase was postulated With fluorescent 
dyes, a membrane potential and pH gradient were demonstrated 
In microorganisms the proton motive force 
ДДн* across the cell membrane consLsts of two 
components a membrane potential Αψ and a 
proton gradient ΔρΗ (27) The proton motive 
force may be built up bv an oxidative pro ton-
extrusing electron transport chain (11) or bv 
light-driven proton extrusion, as in Halobacte 
пит (13, 31) or photosvnthetic bactena (15), 
this force can be used to drive ATP synthesis 
and transport processes Alternatnely ATP mav 
be hydrolyzed to produce the proton motive 
force needed for transport processes 
ATP synthesis in the absence of oxvgen can 
be coupled to an electron transport chain using 
nitrate, sulfate, fumarate, or carbon dioxide as 
terminal electron acceptors (36) 
Roberton and Wolfe (33) showed that the 
ATP concentration in cells of Methanobacte 
пит strain MoH increased during the conver­
sion of Hi and CO¿ to CH4 Uncouplers inhibited 
CH^ production, and the ATP level decreased 
We showed ATP synthesis in whole cells due to 
an artificially imposed proton motive force (6) 
Uncouplers stimulated ATP synthesis This may 
be explained by assuming that ATP synthesis 
and hydrogen oxidation are located on internal 
membranes (46) 
Internal membrane systems have been de-
scribed for many genera of microorganisms 
Apart from the mesosomes with unknown func-
tion (10), systems have been desenbed for var-
ious bactena the demtnfying bacteria (29), the 
phototrophs (30), methane oxidizers (5), Aceto 
bacterium woodu (25), and the methanogenic 
bactena (20, 47) The involvement of internal 
membranes in energy conservation has been re-
ported for some of these genera (8, 19, 26), but 
for the methanogenic bactena no evidence for 
such involvement existed As mentioned, whole 
cells of M thermoautotrophicum synthesized 
ATP because of an artifici all ν imposed proton 
motive force (6) This ATP synthesis was not 
inhibited bv the adenosine triphosphatase 
(ATPase) inhibitor N^V-dicyclohexylcarbodi 
imide (DCCD) and was enhanced by the uncou 
piers carbonylcvanide m chlorophenyl-hvdra-
zone (СССР) and 2,4-dinitrophenol (DNP) (6) 
The anomalous effect of these compounds can 
be explained by two mechanisms (1) the cell 
wall or an outer membrane excludes these com­
pounds from the ATPase, and (11) the energy 
generating system is localized internal to the 
cytoplasmic membrane The cell walls of meth-
anogens have unusual properties (17) M ther 
moautotrophicum walls contain a pseudomurein 
layer (16) To further test the aforementioned 
hypotheses, the ultrastructures of whole cells 
and membrane vesicles were studied Also ATP 
synthesis by subcellular particles was studied to 
avoid interference by the above-mentioned 
mechanisms The study also tnes to show that 
ATP synthesis occurs according to chemios-
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m o t i e pr inciples in M thermoautotrophicum, a n 
organism hom the unique and phylogenetically 
ancient group of methanogens (45) 
MATERIALS AND METHODS 
Organism. M thermoautotrophicum strain ΔΗ 
was a gift of R S Wolfe, Urbana, III Cultures were 
grown in a 12-liter fermentor in a medium containing 
(in imllimolar concentrations) NaHCO-t, 40; NH^Cl, 
23, Na2HP04 ( 3 3, cysteine, 1 4, NazS, 1, KCl, 1 9, 
( N H ^ Î S O * . 1 3, MgSO*. 0 2, СаСІг, 0 06, FeSO«. 0 03. 
(in micromolar concentrations) MnSO«, 2, КіВОэ, I 6. 
ZnSO,, 1 5, CoS0 4, CuSO,, and NaMo04, 0 4, and 
AIKSO«, 0 2 The culture was gassed with H2-CO¿ (β0 
and 20% [vol/vol], respectively) The pH during 
growth was between 7 and 7 β, and the temperature 
was maintained at 650C Cells were harvested under 
N2 at the end of exponential growth in a Sharpies 
continuous centrifuge The yield was 1 mg (dry weight) 
of cells per ml of culture Cella were stored anaerobi-
cally under Η3 at -80° С 
Membrane preparation. Membranes were pre­
pared as described previously (6) or by the method of 
Michels and Komngs (26) and stored anaerobicaUy 
under H2 at -80°С Membranes prepared by either 
method showed similar properties For some tests, 
membranes were further punfîed by layering the mem-
brane fraction on top of a 5% Ficull solution After I h 
of centnfugation at 80,000 χ g, the membranes were 
collected from the upper layer For electron micros­
copy of membrane vesicles, the membranes were pu­
nned by centnfugation at 50,000 ж g until a clear 
supernatant was obtained This supernatant was 
charged on top of a discontinuous Ficoll gradient of 6, 
3, and 1 5% Ficoll After 1 h of centnfugation at 80,000 
X gt the membranes were collected from the inter­
phase between 6 and 3% Ficoll These membranes 
were diluted m 0 1 M burine (pH 8 Э), containing 1 mM 
MgCb, and centnfuged for 3 h at 150,000 x g The 
pellet was resuspended in bicme buffer 
Fluorescence measurements. Changes in the 
proton motive force were determined from quenching 
of the fluorescence of 3,3'-dipropyl-2,2'-thiacarbocy· 
anme iodide [Di-S-Ci(5)] (41), analmenaphthalenesul-
fonic acid, or 9-ammoacndme Changes m the fluores­
cence were determined m an Ammco-Bowman spec-
trophotofluorometer 
Test procedures. ATP synthesis in whole cells, 
potassium concentration (by flame photometry or a 
potassium electrode), internal volume and pH, and 
proton uptake were determined as desenbed by Dod-
dema et al (6) Vesicles were centnfuged at 150,000 
X g for 3 h in all procedures 
ATP synthesis by membrane particles was deter­
mined m 5 ml of 100 mM bicine buffer, pH 8 3 (at 
20oC), containing 5 mM MgCb, 2 5 mM inorganic 
phosphate, and 0625 mM ADP (unless otherwise 
stated) The test was performed at 65°C under an 
atmosphere of Nj or N2 Hi (30 and 70% [vol/vol], 
respectivelv) Samples were withdrawn from the re­
action vessel with a glass eynnge via a rubber septum 
and transferred to a test tube at 100DC as rapidly as 
possible After 30 s, the test tube was put mto an ice-
water bath until the ATP détermination ATP was 
determined with the firefly lucifenn- lue iferase system 
ADP and AMP were measured after conversion to 
ATP (3) 
Degradation of cell walls . The following enzymes 
were used for attempts to degrade the cell walls 
pronase, phosphohpase, α-amylase, papain, lysozyme 
(also in combination with ethylenediaminetetraacetic 
acid or Bnj or sodium dodecy) sulfate), cellulase, chi 
tíñase, trvpsm, chymotrypsin, lipase, deitranase, pep-
sin, rennin, pancreatin, zymolyase, helicase, pectate 
lyase, and cathepsin D Cells were incubated in an 
appropriate buffer according to the supplier but were 
further treated according to Witholt et al (44) Lysis 
was also tned by repealed freezing and thawing and 
by freeze-drvmg followed by dissolving 
Hydrogenase assay. Hydrogenase was routinely 
assayed in tvpe 220 cuvettes (Vapotherm b ν , Alphen 
aan de Rijn, Holland) closed with rubber stoppers 
The cuvettes were evacuated Five times and Tilled with 
H¿ Then 2 7 ml of an anaerobic hydrogen saturated 
0 1 M Na PO, buffer (pH 7 5) with 3 mM melhylvioJ-
ogen was added to the cuvette by means of a glass 
synnge The cuvette was evacuated once more and 
filled with hydrogen A senes of 10 cuvettes was pre-
pared at the same time The cuvettes were incubated 
at 65 еС To start the reaction, 0 3 ml of an anaerobic 
enzyme solution with a protein content of about 1 5 
mg ml ' was added The change in eut met ion at 602 
nm was read at 650C in a Gary 118 spectrophotometer 
Protein. The method of Lowry et al (23) was used 
to determine the protein content with bovine serum 
albumin as standard 
Dry weight. Dry weight was determined by drying 
cells at 60° С m vacuo 
Electron microscopy. After prefuation in 3% glu-
taraldehyde in 0 1 M cacodylate buffer (pH 7 2) for 20 
mm, whole cells were fued with 2% OeO« in 0 1 M 
Veronal acetate buffer (pH 7 2) and poststamed with 
3% uranylacetate in water for 10 mm and lead citrate 
according to the method of Venable and Coggeshall 
(40) 
For thin sectioning, cells were Fixed in 3% glu tarai· 
dehyde in 0 1 M cacodylate buffer (pH 7 2) for 30 mm 
and postFixed with a mixture of 1% OsO« and 5% 
КІСГІОТ in the same buffer for 2 h Alternatively, 
glutaraldehyde was added to the culture medium to a 
concentration of 3%, after 5 mm of incubation at 65"C, 
cells were centnfuged Poatfixing was done as de­
senbed above, or the technique of Kellenberger et al 
(1Θ) was used 
Hydrogenase was stained with Hatchett's brown 
(34), or a senes of tetrazohum salts (1) ATPase was 
stained according to the method of Rechardt and 
Kokko (32) After routine fixation or cytochemical 
staining, cells were embedded in Epon or Araldite 
(Fluka, Buchs, Switzerland), and ultrathin sections 
were cut with an LKB ultratome I Alternatively, cells 
were cut (without embedding) by cryo ultramicrotomy 
and stained with uranylacetate Freeze-etc hing of cells 
was performed with a Balzer unit bv the technique of 
Moor (28) Sections were examined with a Philips 201 
or 300 electron microscope 
Fatty acids. Fatty acids in whole cells were deter­
mined by analysis of their me thy lestera by gas-liquid 
chromatography on a Pye senes 104 gas Chromato­
graph (42) 
Quiñones. Quiñones were determined by the 
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method of Crane and Ddley (4) 
ChenucaJe. Gasee were obtained from Hoek Loos, 
Schiedam, Holland To remove all traces of oxygen, 
the gases containing H2 were passed over a catalyst (BASF R 0-20) at room temperature, other gases were 
passed over a BASF R 3-11 catalyst at 150 С 
DCCD was obtained from Aldnch Europe, Beerse, 
Belgium, СССР was from Calbiochem, La JoUa, Calif, 
valinomycin, DNase, ADP (less than 0 2% ATP), ATP. 
and myokmase were from Boehnnger Mannheim, 
Mannheim, West Germany [3Η]ιηυϋη was from the 
Radiochemical Centre, Amereham, England, and 5,5-
[HC]dimethyl 2,4 oiazohdinedione and ΉζΟ were 
from New England Nuclear Corp , Boston, Mass Pro 
nase, phosphohpase, α-amylase, papain, and lysozyme 
were supplied by Boehnnger Mannheim, cellulase, 
chitmase, trypsin, chymotrypsm, tnphenyltetrazolium 
chloride, and a-cetyl citnc acid were from E Merck 
AG, Darmstadt, West Germany, lipase, dextranase, 
pepsin, rennin, and atractyloside were from Sigma 
Chemical Co, St Louis, Mo, pancreatin was from 
Serva, Heidelberg, West Germany, zymolyase was 
from Kinn Brewery, Takasaki, Japan, helicase was 
from Industrie Biologique Française, Gennevilliers, 
France 8-Azido-ADP was a gift from R Wagenvoort, 
Amsterdam, Holland, pectate lyase was a gift from F 
Rombouta. Wagenmgen, Holland, and cathepsin D 
was a gift from A Bou ma, Groningen, Holland Tet 
ranitroblue letrazohum chloride was obtained from 
Serva, thiocarbamylmtroblue letrazohum and 2 (¥-
benzothiazolyl) etyryl Э (A' phthalhydrazidyDtetrazo-
hum chlonde were from Polyscience Ine , Wamngton, 
Pa 8-Amlino-l naphthalene sulfonic acid was ob 
tamed from Sigma, Di 8-Сз(5) was a gift from A 
Waggoner, Amherst College, Mass, and 9 amino-ac-
ndme was obtained from Fluka, Buchs, Switzerland 
RESULTS 
Ultraetructure and cytochemical staine. 
Positive staining of whole cells showed an addi­
tional layer outside the pseudomurein layer (Fig 
1) This layer formed a sheath enveloping a 
senes of cells The layer is also observed in thin 
sections of M thermoautotrophicum cells (Fig 
2) 
Attempts to degrade the cell wall with the 
lytic enzymes mentioned in Materials and Meth­
ods, to obtain spheroplasts, have failed, even 
after a mild osmotic shock was applied to facili­
tate passage of the lytic enzymes through the 
outer layer of the cell wall (44) Therefore it was 
impossible to determine the influence of the 
sheath or the pseudomurein layer on the effect 
of the uncou piers and DCCD 
Thin sections of cells prefixed in glu tar alde­
hyde at room temperature (Fig 3 and 4) show 
the internal membrane system in this organism 
as reported before (20, 47) Fixation at room 
temperature may result in mesosome-hke struc­
tures as artifacts, to avoid this, cells were fixed 
with glutaraldehyde in their growth medium at 
65°С (Fig 5) Moreover, cryosections of unfixed 
cells and freeze-fracture replicas were prepared 
from cells frozen immediately from the growth 
medium All three methods showed the presence 
of internal membranes, probably as invagina­
tions from the cytoplasmic membrane. 
After incubation of washed cell suspensions 
under H; with tetrazobum salts or femcyanide 
as electron acceptors for the hydrogenase, the 
reaction product was found exclusively on the 
invaginating membranes (Fig 6-10) Especially 
the membranes near the cytoplasm were heavily 
stained (Fig β, 9, 10) No stam was deposited 
when cells were incubated under N? or when Oz 
was present together with Hs With tetrazohum 
salts, granular formazan deposits could be ob­
served in the cells even with the phase-contrast 
light microscope No stain was ever deposited on 
the cytoplasmic membrane To exclude the pos­
sibility that this was due to improper staining 
conditions, cells of Hyphomicrobium were 
stained, in these cells a formazan deposit was 
observed on the cytoplasmic membrane (Y Mei-
berg, unpublished data) It was concluded that 
all hydrogenase activity was localized on the 
internal membranes 
Staining the ATPase resulted also m stam 
deposits of lead phosphate on the internal mem­
branes (Fig 11) Some stain deposit was also 
observed in the cytoplasm and on the cytoplas­
mic membrane, possibly due to the activity of 
ATPase or other ATP-hydrolyzmg enzymes or 
to the deposit of lead carbonate It was con­
cluded that at least part of the ATPase is local­
ized on the internal membranes 
With the localization on the internal mem­
branes of hydrogenase and part of the ATPase. 
both enzymes involved in energy conservation, 
it appeared that ATP synthesis might occur 
beyond the cytoplasmic membrane on special­
ized organelles. 
Freeze-fracturing of cells. Whole cells were 
freeze-fractured to determine whether the ori­
entation of the membrane, ι e , whether it was 
inside or nght-side out, could be decided from 
the presence of proteins and to look for the 
continuity of the internal membranes with the 
cytoplasmic membrane However, cells did not 
split over the membrane but through the cyto­
plasm Chemical analysis of the membranes 
showed the presence of small amounts of Cieo. 
С no, and Cie-o fatty acids with minor amounts of 
Cno, Ciso, and CITO and hardly any branched-
chain fatty acids These data confirm previous 
data (24), and it seems unlikely that the presence 
of these fatty acids prohibits splitting of the 
membrane The squalenes and phytanyl glycerol 
ethers present in the cell membranes (24,3β) are 
only slightly different from those found in halo-
bactena, Halobactenum membranes could be 
split by freeze-fracturing (13), so it remains an 
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FIG. 1-5. AU micrographs show M thermoautotrophicum strain AH. grown as described m Materials and 
Methods and fixed utth glutaraldehyde and OsO* K2Cr¡0 The markers represent 0 2 μ/η. unless otherwise 
indicated 
FIG. 1. Detail of an intact whole cell, fixed with OsO« and post stained и ith uranylacetate and lead citrate 
to demonstrate the presence of a sheath around the cells (arrow) 
FIG. 2 Detail of a thin section of a cell, fixed with glutaraldehyde at 65°C before postfixation, to show the 
sheath farrow) around the cell 
FIG. 3. Thin section of a cell, fixed with glutaraldehyde at room temperature before postfixation Membra­
nous structures can be observed. 
FIG. 4 and 5 Magnification of cells fixed with OsO« by the method of Kellenberger et ai (17) (Fig 4) and 
prefixed with glutaraldehyde at 65°C before postfixation (Fig 5) to show different membranous structures 
inside the cells 
o p e n quest ion why m e m b r a n e s of M. thermo- p a r t i c l e s . Negat ive ly s ta ined p r e p a r a t i o n s a n d 
autotrophicum were n o t split. th in sect ions of m e m b r a n e p r e p a r a t i o n s showed 
M e m b r a n e v e s i c l e s . Subcel lu lar part ic les closed m e m b r a n e vesicles of a b o u t 50 n m m 
were p r e p a r e d for s tudying chemiosmot ic cou- d i a m e t e r which, even after extensive purifica-
pling in M- thermoautotrophicum. t ion, were still c o n t a m i n a t e d with some cell walls 
P h y s i c a l p r o p e r t i e s o f t h e m e m b r a n e a n d m a n y smal l part ic les with d i a m e t e r s of 10 
26 
FIG β-12 See legend ta Fig l~S for detail» 
FIG. 6. Survey oftells after incubatitin и ith ferricyanide to demonstrate hydrogenaee activity The reaction 
product и as amplified и ith diaminobemidine The reaction product и as exclusnely located on internal cell 
membranes-
Fir. 7 Demonstration of Avr/n^roow activity afta incubation и ith BSPTfS (2 bemothiazolyl) styryl 3 
(4 phtalhydrazuhDtetuuohum chloride} A» alter incubation и ith ferricyanide (Fig в), the reaction product 
и «s ехЫшяі eh tot aied un the internai < ili membrane» 
Fin 8 Magnifuation of Fig в ta s/iou tha/ the retti fnm produci ι·* mawh ¡oca/ed on the membranes 
facing the cytoplasm 
Fie 9 and 10 Thin section of cells after incubation и ith BSPT to demonstrate the localization of 
hydrogenase activity As щ Fig H. the reaction prodmts are mainl\ located on the membranes facing the 
cvtoplasm (arrou s). ¡eat mg other mi agmatmg membranes unstained (asterisk) 
Fifí. 11- Thin section of a cell tested for ATPase actit it\ The reaction product is located mainly inside the 
internal membrane stmt tures 
Fifi. 12 He.\agonal parfit les present in 'ÌSPT stained t csu le preparations 
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to 15 nm (Fig 12) These particles usually were 
not attached to the vesicles, they were also ob­
served in association with the internal mem­
brane system in cryosections of whole cells Also 
some larger particles with diameters up to 250 
nm were observed Freeze-fractunng of the 
membrane vesicles was not possible since mem­
branes were not split Therefore no electron 
microscopic evidence was obtained regarding the 
orientation of the membranes 
Biochemical properties of the membrane 
veeicles. The internal volume of the crude 
membrane preparation was 20 μΐ per mg of pro­
tein Assuming that there was an equal internal 
K+ concentration in all vesicles, we found that 
the internal potassium concentration was 230 
mM The internal pH was 7 7, and the internal 
concentrations of AMP. ADP, ATP. and PO« 
were 180, 17, 2, and 1 4 μΜ, respectively, cofac-
tors FAio and Fm were also present in low quan­
tities The internal K* concentration and pH 
resembled the values found in whole cells (6) 
The membranes showed ATPase activity Al­
though electron microscopy had shown the hy-
drogenase to be exclusively membrane associ­
ated, the amount of hydrogenase associated with 
the membrane preparation was 18%, based on 
the average of the total activity in the crude 
extract, whereas the 150,000 x g supernatant 
contained 75% on the average Obviously the 
hydrogenase dissolved readily from the mem­
brane 
ATP eynthesie by membrane vesicles due 
to membrane potential. Under anaerobic con 
ditions the membrane vesicles synthesized ATP 
due to a membrane potential (Table 1), the rate 
of ATP synthesis vaned from 0 4 to 15 nmol 
mm"
1
 mg protein - 1 This value corresponds well 
with that found for Escherichia coll vesicles 
(39) The ATP synthesis could be inhibited by 
increasing concentrations of K+ m the buffer 
Valmomycin did not enhance ATP synthesis 
Obviously the membranes do not need an added 
potassium lonophore to create a membrane po­
tential Membranes showed a temperature-de­
pendent potassium leak at 4°C no potassium 
was lost during 30 mm of incubation, at 37°C the 
internal potassium concentration had decreased 
from 230 to 190 mM without 10"5 M valmomycin 
and to 180 mM with 10 s M valmomycin, and at 
650C it decreased to 160 mM 
Effect of inhibitors. ATP synthesis could be 
inhibited by 0 1 mM DCCD, 0 1 mM СССР, 1 
mM DNP. or 0 01 mM nigencin (Table 1) In 
membrane vesicles these compounds affect ATP 
synthesis in a normal way 
Storage of membranes. Membrane prepa­
rations retained some ATPase activity due to 
Δψ after 16 months of aerobic storage at —80oC 
TABLE I ATP synthesis due to a potassium 
gradient or the presence ofHj" 
ATP 
r. „ . svmhesi Lias К concn . . . . , , L . mo Innibiior (concn. mM) Inmol hue (mM) , 
mm 
mg ') 
Ν, 
Ν, 
Ν, 
Ν, 
Ν, 
Ν, 
Ν, 
Η, 
Н
г 
Η, 
Η, 
Η, 
b 
10 
100 
300 
— 
— 
— 300 
300 
300 
300 
300 
_ 
— 
— 
— D N P ( l ) 
DCCD (0 1) 
СССР (0 1) 
— D N P ( l ) 
nigencin (ООП 
DCCD (ООП 
СССР (001) 
β
 А 0 2 ml portion of a vesicle solution containing 
about 5 mg of protein was added to the reaction 
mixture as described in Materials and Methods 
A
 —, Not present 
Effect of t rans locase inhibitors. To syn­
thesize ATP due to a potassium gradient ЦК*] 
inside high), the vesicles must have a right side-
out onentation (ATP synthetase inside) Since 
ATP synthesis strictly depended on externally 
added ADP, a specific transport system, like the 
mitochondrial ADP-ATP translocase, may be 
involved Inhibitors of this translocase were ef­
fective in membrane vesicles of Λί thermoauto 
trophicum atractyloside (50 μΜ), 8-azido ADP 
(0 4 mM), and o-cet>l citric acid (20 μΜ) com­
pletely inhibited ATP svnthesis driven by the 
membrane potential These results strongly sug­
gest the presence of an ADP-ATP translocase in 
M thermoautotrophicum 
Hydro gen-dependent ATP synthesis. 
When membrane vesicles were incubated under 
N2 with 300 mM KCl added to the buffer to 
prevent ATP synthesis due to the potassium 
gradient, no ATP synthesis occurred (Table 1) 
However, as soon as Hj was introduced into the 
reaction vessel, ATP synthesis started This syn­
thesis could be inhibited by 0 1 mM СССР, 0 1 
mM DCCD, 0 01 mM nigencin, or 1 mM DNP 
(Table 1) ATP synthesis did not occur without 
added ADP, with boded membranes, or when 0¿ 
was present The specific activity of phospho-
rylation was between 1 and 8 nmol mm ' mg 
protein l This value compares well with that 
found for hydrogen dependent ATP synthesis in 
Alcaligenes eutrophus (14) 
ATP synthesis due to a ΔρΗ created by 
the hydrogenase activity may be expected in 
both nght-side-out and inside-out vesicles as Нг 
freely diffuses through the membrane Since the 
translocase inhibitor atractyloside only partially 
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inhibited ATP synthesis with H¿—at 50 μΜ 
atractyloside between 20 and 80*? inhibition oc­
curred with different membrane preparations— 
it was concluded that both types of vesicles were 
present 
ATP synthesis due to an artificially im­
posed proton motive force. In contrast to 
whole cells, membrane vesicles did not synthe­
size ATP due to an artificially imposed proton 
motive force created by an acid or base pH shift 
aerobicallv or anaerobically Also, the addition 
of valinomycin to membranes did not lead to 
ATP synthesis under aerobic conditions, as men­
tioned, no valinomycin was needed for ATP 
synthesis under anaerobic conditions ATP syn­
thesis strictly depended on anaerobic conditions, 
in contrast to ATP hydrolysis by the membranes 
and ATP synthesis in whole cells 
Measurement of the proton motive force 
with fluorescent dyes. To demonstrate that 
ATP synthesis coincided with the presence of a 
membrane potential (Δψ) due to a potassium 
gradient and a ΔρΗ created by hydrogenase 
activity, Δψ and ΔρΗ were measured with the 
fluorescent dves Di-S-C )(5) and 9-aminoacri-
dine, respectively 
Δψ was demonstrated by using Di-S-Ci(5) flu­
orescence quenching in both whole cells and 
membrane vesicleb In whole cells hyperpolan-
zation was induced bv the addition of valino­
mycin, whereas in vesicles no valinomycin has 
to be added This agrees with the dependence 
on valinomycin for ATP synthesis and potas­
sium leakage in whole cells, but not in vesicles 
Both cells and vesicles could be deenergized by 
the addition of 0 4 mM nigérian, but not by 
gramicidin 
In vesicles the magnitude of the membrane 
potential depended on the external potassium 
concentration. Anaerobic conditions were no 
prerequisite for the formation of Δψ 
With 9-aminoacndme a ΔρΗ was measured in 
vesicles. Fluorescence quenching under Нг was 
about 10%, whereas it was 3% under N2 The 
fluorescence quenching of 9-aminoacndine indi­
cates a ΔρΗ inside acid (2), indicating the pres­
ence of inside-out vesicles With analine-
naphthalenesulfonic acid no meaningful results 
could be obtained since fluorescence did not 
change after deenergization with mgencin or 
gramicidin. No proton movements could be 
measured with a pH probe as direct evidence for 
a ΔρΗ 
Effects of trypsin and Mg2*. Membranes 
treated with trypsin lost the ability to synthesize 
ATP, but hydrogenase activity was hardly influ­
enced ATP synthesis depended on the presence 
of MgJ*. These results correspond to those found 
for ATP hydrolysis (6) 
Adenylate kinase activity. Adenylate ki­
nase presumably is not involved in the ATP 
synthesis found, a commercial preparation of 
adenylate kinase was not inhibited by mgencin, 
СССР, DCCD, or DNP Moreover, the activity 
of adenylate kinase was stimulated by an in­
crease of the K* concentration in the buffer. 
DISCUSSION 
The hydrogenase of M thermoautotrophicum 
was stained with a series of different electron 
acceptors and under various conditions to mini­
mize possible misinterpretation of the results 
(10) Hydrogenase appears to be exclusively lo­
calized on the invaginations of the cytoplasmic 
membrane Also, part of the ATPase is localized 
on these membranes Af thermoautotrophicum 
appears to have developed specialized organelles 
for ATP production, as also occurs in other 
genera of bacteria (8, 19, 26) A comparison with 
the mitochondria of eucaryotic organisms is ap­
pealing both in structure and function the in­
ternal membranes sometimes occur as a highly 
convoluted system and there is a strong indica­
tion of the presence of an АПР- ATP translocase 
Such translocases have been destnbed twice in 
bacterial systems (12, 43), but in Rickettsia thev 
are reportedly insensitive for mitochondrial 
translocase inhibitors (43) 
The temperature-dependent potassium 
permeability of the membrane vesicles of M 
thermoautotrophicum may be due to the aber­
rant lipid composition of the methanogens (24, 
38), which resembles the lipid composition in 
halophdic organisms (38) Vesicles of H halo-
bium also showed a K* permeability higher than 
that of whole cells (21) The rate of K' leakage 
of M thermoautotrophicum compares with that 
of the Halobactenum membrane vesicles (21) 
Uncouplers stimulated ATP synthesis in 
whole cells Electron microscopy showed that 
both mechanisms can explain these anomalous 
results, 1 е., interference of the cell wall or the 
localization of the ATP synthetase beyond the 
cytoplasmic membrane, or both 
Freeze-fracturmg of membrane vesicles did 
not give direct evidence of the orientation of the 
vesicles since the membranes would not split. 
However, the ATP synthesis due to Δψ and the 
demonstration of ЛС with Di-S-Ci(5), with a 
subsequent increase of fluorescence upon de-
energization, and the complete inhibition of 
ATP synthesis by ADP-ATP translocase inhib­
itors, all indicate the presence of nght-side-out 
vesicles. The demonstration of a ΔρΗ with 9-
armnoacndine indicates the presence of inside-
out vesicles The only partial inhibition of Hi-
dependent ATP synthesis by the translocase 
inhibitors, i e , only in the nght-side-out but not 
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in the inside-out vesicles, confirms the presence 
of both types of vesicles Separation of the two 
types of vesicles will be needed to measure Δψ 
and ΔρΗ quantitatively 
Anaerobic conditions are required for ATP 
eynthesiB by vesicles but not for the response of 
whole cells to an artificially imposed proton 
motive force The membrane potential can be 
demonstrated under aerobic conditions in both 
système, however, aerobic ATP synthesis driven 
by Δψ was only demonstrated m whole cells 
How ATP synthesis is inhibited by O; or a high 
redoi potential in vesicles remains unknown, the 
different sensitivity to Oj may be caused by the 
location of the energy-generating system on the 
internal membrane m whole celle, thus giving 
protection against rapid oxidation 
The electron earners and the terminal elec­
tron acceptor involved in the oxidation of H2 by 
membrane vesicles remain unknown Coenzyme 
/uo is known to be reduced by the hydrogenases 
of methanogens, but fluorometnc measurements 
(7) revealed only small amounts of F4V) or F342 
Thauer et al (36) reported the absence of me-
naqumone m M thermoautotrophicum We 
were unable to detect quiñones The involve-
ment of squalenes as electron sinks as suggested 
before (38) remains to be proven Squalenes 
occur m other groups of procaryotes, e g, halo-
bacteria (37), су ano bac tena (35), and methane-
(2) and methanol-oudizmg (9) microorganisms 
at levels between 1 and 5 mg g of dry weight ', 
and no indication for a role of squalenes as 
electron acceptors is known m these organisms 
Bicarbonate and carbon dioxide, the in vivo 
electron acceptors, are less likely candidates as 
electron acceptors in our test system since these 
compounds were not added and no detectable 
amounts of CR« were formed A role of the 
sulfate as electron acceptor seems unlikely since 
ATP is needed in the reduction to sulfite and no 
ATP was added The results lead to the conclu­
sion that ATP synthesis m M thermoautotroph 
кит may indeed be a process driven by chemi-
osmotic forces Further research is now proceed 
mg to measure the magnitude of Δψ and ΔρΗ 
and to identify the electron earner to further 
support this conclusion 
If methanogens descend from an old diversion 
of the phylogenetic tree of organisms in one 
group with the halobactena (45), where the 
chemiosmotic principles of ATP synthesis have 
been very thoroughly demonstrated (22), it must 
be concluded that ATP synthesis by chemios­
motic pnnciples must have been adopted early 
in evolution 
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Methanogenic bacteria can be tentatively identified by fluorescence micros· 
copy This technique was unproved by carefully selecting a senes of excitation 
and barrier filters that matched the excitation and emission spectra of some 
unique coenzymes viz., F^¿o and Fiso, in methanogenic bactena. 
In methane-producing bactena some unique 
coenzymes have been demonstrated K4jo (1) and 
coenzyme M (5) Recently two more cofactors, 
a yellow fluorescent compound (L. Daniels and 
J G Zeikus, Abstr Annu Meet Am Soc Mi-
crobiol 1976, 158, ρ 121) and Fiw, were found, 
Fr-b isolated in this laboratory, is probably iden­
tical to Fu> described by Gunsalus and Wolfe 
Ha), and possibly identical to F
w
 described by 
Pantskhava (7) Fm,, a 5-deazafiavm analog (L. 
D. Einch, G D Vogels, and H S Wolfe, man-
uscnpt in preparation), is reduced bv the hvdro-
genase in methanogens Coenzyme M is involved 
as a Ci earner in the carbon dioxide reduction 
to methane (8) Presumablv the vellow fluores­
cent compound also functions in carbon metab­
olism since it ib labeled when cells are pulsed 
with u COj Whether Fwi is involved in an oxi-
doreduction electron transport chain or is in­
volved in carbon metabolism remains to be clar­
ified The factors Fwi, vellow fluorescent com­
pound, and F«*) show strong fluorescence, and 
their spectra are known 
Tentative identification of colonies of meth­
anogenic bacteria by irradiation with a broad 
spectrum of UV light has been desenbed by-
Edwards and McBnde (3) Recently Mink and 
Dugan (6) desenbed a method for tentative iden­
tification using fluorescence micros* opv Their 
method can be improved bv selecting excitation 
and barrier filters for the fluorescence mu ro­
se ope which are tailored to the fluorescent com­
pounds F^i and Fi',<i 
MATERIALS AND METHODS 
O r g a n i s m s . Pure cultures of methanogenic orga 
nisms were a gift from R S Wolfe, I'rbana. Ill Thev 
were maintained on media described b\ Ferrv and 
Wolfe (4) under an atmosphere of Я0Ч H- and 20^ 
CO.?, at 37 or 670C {Methanobactertum thermoauto 
truphicum) 
Enrichment and subsequent purification of Met h 
anobactenum stram TH was performed using the 
same media This strain was isolated from lake mud 
(T Hutten, unpublLshed results) Organisms were sub-
cultured weekly Escherichia colt V2005 and Pseu 
domanas aeruginosa V3001 were grown at 37°C on 
tryptone sov broth Anaerobic sludge was obtained 
from the sewage plant in G roesbeek 
Samples for photography were taken after 3 days of 
growth for methanogens. or 1 da\ for heterotrophs 
Microscopy. Phase contrast and fluorescence pho­
tomicrographs were taken with a Leitz Dialux micro­
scope equipped with a Ploemopak К 2 3 illuminator 
for incident light water immersion objectives, and an 
Osram high-pressure Hg lamp t o r excitation at 420 
nm Ploemopak filter svstem I) (3 mm BG3 + KP 425) 
was used, with bamer filter К 460, whereas for exci­
tation at 350 nm filter system A (2x2 UGl) with 
bamer filler К 430 was used The camera used was a 
Leica miniature camera mounted on an Anstophot 
stand For phase-tontrast phoiormcroscopv an Agfa-
pan KM) or 25 Professional film was used, developed in 
Agfa rodinal 1/50 dilution for 7 mm. for fluorescence 
rrm rosiop\ a Kodak Recording 2475 film was used. 
developed in Agfa neutol 1/90 dilution for J min 
Exposure time for fluorescence photograph\ was 20 s 
RESULTS 
Phase-contrast and fluorescence photomicro­
graphs of various methanogenic bacteria are 
shown in Fig 1 Fluorescence of voung cultures 
was stronger than that of stationary cultures 
The absence of fluorescence in some of the cells 
in the lump of Methanosarcina barken ma ν be 
due to aging These old cells only show a weak 
greenish yellow fluorescence 
M thermoautotrophicum ΔΗ, Methanobac-
tenum ruminantium, and other methanogenic 
organisms in mixed cultures also showed fluo­
rescence at both wavelengths used, but the flu­
orescence faded in a few seconds Therefore no 
photomicrographs could be made, but the eye 
can easily detect the emitted light 
E coli and Ρ aeruginosa showed very weak 
fluorescence at 420 nm, but none at 350 nm. 
Fluorescence was about as weak as that of M 
thermoautotrophicum after fading 
33 
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Fie 1 Photomicrographs of different methanogenic bacteria The columns shou. from top to bottom M 
barken, Methanobactenum formicicum, Methanobactenum strain MoH. Methanospinllum hungatn. and 
Methanobactenum strain TH The columns from left to right show identical fields of phase contrast 
illumination, fluorescence и hen illuminated at 420 nm, and fluorescence at 355 nm 
Fluorescence at 420-nm excitation was green­
ish yellow, at 350 nm bluish white. Usually flu­
orescence due to excitation at 420 nm was 
stronger than that at 350 nm. Fluorescence faded 
on illumination at both wavelengths but more 
rapidly at excitation at 350 nm Fading of the 
fluorescence of FA¿,t may result from photore-
duction. which is also observed for other deaza-
flavins (2) After a brief period in the dark, the 
fluorescence at 420 nm was restored to its origi-
nal level, the fluorescence at 350 nm did not 
reappear 
Figure 2 shows the excitation and emission 
spectra of F ^ (L Π Eirich, Ph D Thesis. Um-
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F i e 2 (a) Lxcitatiun and emission spectrum of 
F\á\ at pH 7 (bj Excitation spectrum passing I'd } 
and emission spectrum passing barrier filter К 430 
(filter system A) (c) Excitation and emission spectrum 
ofFtf atpH8 2 (d) Excitation spectrum passing BG1} 
+ KP425, and emission spectrum passing barrier 
filter К 460 (filter system D) 
versity of Illinois, Urbana, 1977) and F и« (J 
Keltjens, unpublished data) and the wavelength 
characteristics of Ploemopak filters D and A 
The fluorescence spectrum but not the absorp­
tion spectrum of the >ellow fluorescent com­
pound is similar to that of Fi,*! (L Daniels, 
personal communication) 
DISCUSSION 
Selecting excitation and barrier filtere for flu 
orescence microscopy which match the excita­
tion and emission wavelength of the fluorescent 
compounds ¥*& and F m is a powerful method 
for the recognition of methane bactena in mixed 
cultures and is a handv tool to check the punty 
of methanogenic cultures 
A P P I E N V I R O N М І Г Я О П Ю І . 
The blue-green fluorescence desenbed by 
Mink and Dugan (6) is probably due to a filter 
combination where both cofactors are excited 
simultaneously Our results with E coli and Ρ 
aeruginosa show that the fluorescence caused 
by excitation at 420 nm may not be exclusively 
specific for the methanogenic bactena The 
weak fluorescence of the nonmethanogenic bac­
tena may be due to the presence of flavins m 
these cells The fluorescence spectrum of F w is 
somewhat similar to that of reduced nicotina­
mide adenine dinucleotide and ptendins, so one 
may expect that bactena with high levels of 
these compounds may show fluorescence at 350-
nm excitation The fluorescence microscope has 
to be used with caie in tentative identification, 
the use of both filter systems D and A seems to 
be an obvious choice to reduce errors 
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L I T E R A T U R E C I T E D 
1 C h e e e e m a n , Ρ , A T o m e - W o o d , a n d R S Wolfe 1972 
t w l a u o n and pruperi iei of a fluure^cem compound 
fa (Лог,, from Wethanobactenum strain Μ ο H ) Hat 
tenni 112 527-5 31 
2 E d m o n d H o n , D Ε , В B a r m a n , a n d G Tol l in 1972 
On the importance of the Ν 5 position m flavin coen 
г тпеч Properties of free and protein hound S deaza 
analogs BiOLhemiatrv I I 1113-1138 
1 L d w a r d e , Τ , a n d В С M c B n d e l^TS New method for 
the isolation and identifkatlon of methanugenu bacte 
na Appi Microbiol 29 540-545 
4 F e r r y , J G , a n d R S Wolfe 1977 Nutnt ional and 
biochemical с baraci епгЫіоп of MetfianospiriUum hun 
gain Appi Environ Microbiol 34 371-176 
4a G u n e a l u a , R Ρ . and R S Wolfe L97Ö Chromophoru 
faeton Fi» and F«» of Methanobactenum thermoau 
tolrophirum F F M S Microbiol Leti 3 191-191 
5 M c B n d e , В C a n d R S Wolfe 1071 A new t oenivm« 
of methvl iranafer coenzyme M Biochtmis tn 
10 2317-2324 
6 Mink, R W . and Ρ R D u g a n 1977 Tentative identi 
ficanon of methanogenic bactena b\ fluorencence mi 
crosropv Appi Environ Microbiol 33 713-717 
7 P a n t a k h a v a , E S 197'' Role of low molecular weight 
faeton from Methanobai ttluii kuznereom in an acti 
vating effect of visible light on methane formation and 
reduction of pyridine nucleotides Biokhimiya 
42 S49-559 
H T a y l o r , С D , and R S Wolfe 1974 Stmclure and 
methvlation of toenzvme M (2 mertaptoethanesulfonic 
acid) J Biol Chem 249 4В79-4ЙЙ5 
35 

Vol 95 No 3 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
Augusr 14 1980 Pages 1280-1293 
AN ADENINE NUCLEOTIDE TRANSLOCASE IN THE ΡROCARVOTE 
METHANOBACTERIUM THERMOAUTOTROPHICUM 
* 
H.J. Doddema, C.A. Claesen, D.B. Kell , 
С van der Drift and G.D. Vogels 
Department of Microbiology, Facultv of Science, University of 
Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands and 
Department of Botany and Microbiology. School of Biological 
Sciences, University of Wales, Aberystwyth SY2 3 3DA, U.K. 
Received June 25,1980 
ATP synthesis, ATP hydrolysis and ADP uptake by membrane 
vesicles of Methanobacterium thermoautotrophicum are inhibited 
by inhibitors of mitochondrial ADP/ATP translocases. Atractyl-
oside binds to one of the membrane proteins. These data 
demonstra te the presence of an eucaryotic type of ADP/ATP trans-
locase in a procaryotic microorganism and stress the unique 
position of methanogenic bacteria in evolution. 
INTRODUCTION 
Recently it was shown that membrane vesicles of Methano-
bacterium thermoautotrophicum, a strictly anaerobic thermophilic 
bacterium, synthesize ATP from external ADP; this synthesis was 
sensitive to a series of mitochondrial ADP/ATP translocase in­
hibitors (l).This strongly suggested the presence of an ADP/ATP 
translocase with eucaryotic properties in this methanogenic 
bacterium. To date procaryotic ADP/ATP translocases have only 
been described in Rickettsia prowazeki (2) and Rhodopeeudomonaa 
capsulata (3). In R. provazeki the ADP/ATP translocase is in­
sensitive to inhibition by atractyloside or bongkrekic acid (2); 
no conclusive data are available yet for the enzyme of R. cap­
sulata ( 3) . 
Methanogenic bacteria are thought to belong to the archae-
bacterla (4) and they may be phylogenetically different from 
both e u b a c t e n a and eucaryotes. The presence of an eucaryotic 
0006-291X/BO/151288-06$01.00/0 
Co/nntißu iWO tn Uiiih-mu Press. I m 
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enzyme hitherto unknown to occur in procaryotea would support 
this concept. In this paper conclusive data are presented to 
show that M. thermoautotrophicum possesses an eucaryotic type 
ADP/ATP translocase. 
MATERIALS AND METHODS 
Growth of M. thermoautotrophicum strain ΔΗ (5), preparation 
of membrane vesicles (1), ATP hydrolysis (5) and ATP synthesis 
(1) were described previously. In the ATP hydrolysis and synthe­
sis assays МдСІ2 was now replaced by ΜςΞΟή. [ ! 4C] ADP uptake was 
measured aerobically by forward exchange. Membranes (6 mg pro­
tein/ml) were incubated in 0.1 M bicine buffer, pH Θ.0, with 
1.25 mM MgS04 and 7 μΜ [ 1 4C] ADP (15 Ci/mol) with or without 
2Ω μΜ frarboxy) atractyloside for 15 min at room temperature. 
Membranes were then centrifugea through silicone oil in a Beck-
man Ai г fuge (6). After centrifugation the centrifuge tubes were 
frozen in liquid N2 and cut through the silicone oil layer, and 
top and bottom halves were counted separately. A control run was 
done with 0.9 raM ( Чс] sucrose (600 Ci/molï . Anaerobic \ l^d A D p 
uptake was measured by flow dialysis (7). Provisions were made 
to maintain complete anaerobiosis by flushing with H 2· Anaero-
biosis was checked with the redox indicator Janus Green 
(0.0001%) in the flow buffer (0.1 M bicine, pH 8.0, 0.5 mM 
cysteine). To the ATP synthesis buffer (1) in the top half of 
the cell 5 mM phenazine ethosulfate or 40 μΜ B 0 - an electron 
acceptor Isolated from hi. thermoautotrophicum (J. Keltjens, un­
published results) - were added to create the proper conditions 
for oxidative phosphorylation. Membranes (2.5 mg protein) were 
added to 1 ml reaction mixture, the volume of the bottom half of 
the cell was 1 ml, and the flow rate of the flow buffer was 
1 ml/min. [ l 4C] ADP was added to a final concentration of 10 μΜ 
(20 Ci/mol). At this time the fraction collector was started. 
After 20 fractions had been collected Triton X-100 and EDTA were 
added to the reaction mixture to final concentrations of 2.5% 
and 10 mM, respectively. The dialysis membrane had to be treated 
with ZnCl2 (β) and be saturated with ADP before use. Untreated 
dialysis membranes gave erratic results. 
Anaerobic binding of | Зн| atractyloside (13.5 Ci/mol) 
(kindly supplied by Prof. P.V. Vignais) to membranes was 
measured by Incubation of 50 μΐ membranes (10 mg protein/ml) 
with 1 μΜ I 3H] atractyloside at 65 0C under H2 in 0.1 M bicine 
buffer, pH 8.0, for 15 min, followed by the addition of Triton 
X-100 (2.5%) (9) and anaerobic separation by disc gel electro­
phoresis. Gels were stained for protein, or cut in slices (1 mm) 
which were extracted with 0.5 ml 10% Triton X-100 at 60 oC for 
24 h, and tested for radioactivity. 
RESULTS AND DISCUSSION 
Forward exchange ADP uptake was Inhibited about 20% by 
20 μΜ atractyloside (Table 1). About 200 pmol/mg protein of 
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Tabi« 1. Upt·*· of ( 1 4C] ADP. 
Incubation % Lab·! In 
alжtur« •«•bran·· 
I С] BucroB« 5 + 2 
| 1 4 C ) ADP 2 1 * 2 
| l 4 C | ADP • 20 μΗ 
atractyloBld· 16 ^ 2 
Incubation ав 9lv«n In th« 
Methods section. Values are the 
neans of triplicate experiments. 
[ С| ADP were associated with the membrane pellet. ATP syn-
thesis Is Inhibited between 20 and 80% (1) by 20 JJM atractylo-
side. The low Inhibition found in ADP uptake may be due to the 
aerobic conditions: also respiratory priming may be necessary 
for higher inhibition as in some plant mitochondria (10) . To 
test this hypothesis ( c] ADP uptake was measured by anaerobic 
Í low dialysis under conditions favour ing oxidative phosohory-
lation (Fig. 1 ) . About 300 omol ADP/mg oróte ι η were taken up« 
slightly more than in the aerobic uotake experiment, but uptake 
was comp lete1у inhibited by 20 μΗ atractyloslde. 
In the | Η] atractyloslde binding experiment foliowed by 
separation of proteins on a Polyacrylamide gel, radioactivity 
was found in one zone, which corresponded to a protein band. 
Obviously atractyloslde binds to one of the membrane proteins. 
ATP hydrolysis in the presence of either atractyloside or 
carboxyatractyloslde is also inhibited (Table 2 ) . Concentrations 
of 1 to 25 μΜ Inhibitor reduce the ATP hydrolysis rate about 
2 5%. Supposing complete inhibition of the adenine nucleotide 
translocase, one may conclude that about 75% of the ΑΤΡ-аве is 
associated with inside-out membranes. 
39 
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FfAclion numbfr 
riq M ^ 1. Uptake of I c] ADP by аевЬгапс vesicles of W. thermo-
autotrophicum neasured by flow dialysis. Incubation conditions 
as dascrlbed In the Methods section. The delay between the f low 
cell and the fraction collector was about 6 fractions. The 
arrow Indicated the addition of Triton X-100 (2.5%) and EDTA 
(10 mH). о ADP uptake without Inhibitor, · ADP uptake with 
20 μΗ atractyloslde added. The results shown are from a typical 
run. 
Table 2. Inhibition of ATP hydrolysis. 
Additions 
to control 
ATP hydrolysis 
as % of control 
none 
atractyloslde 
сагЬону-
atracty loslde 
agaric acid 
atractyloslde + 
1% toluene 
100 
Θ0 
70 
200 
Inhibitors added to final concentration 
of 20 pH. Incubation as given in Methods 
section. Experiments were performed at 
least in quintuplicate. The s.d. is 5%. 
40 
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The effect of agaric acid - a strong enhancement of ATP 
hydrolysis - was only apparent after an incubation of 2 min. In 
assays for ATP synthesis the presence of agaric acid results in 
an inhibition which is apparent by a slower rate of ATP synthesis 
during the first two minutes fol lowed by rapid ATP hydrolysis. 
A possible uncoupling action of this lipophilic weak acid cannot 
yet be excluded. The precise nature of the effect of agaric acid 
needs further study. 
The inhibition of ATP hydrolysis by the ADP/ATP translocase 
inhibitors atraetyloside and carboxyatraetylo9ide could be 
relieved by making the membranes permeable with 1% toluene or 
bee venom (25 jjg/ml). 
The substrate for the ADP/ATP translocase is free ADP 
rather than the Mg-ADP complex (11). Lowering the Hg concentra­
tion from 1.25 шН to 0.25 mM enhanced ATP synthesis by a factor 
two. This Is in agreement with the substrate specificity ob­
served for the mitochondrial ADP/ATP translocase. 
The inhibition of ATP synthesis, ATP hydrolysis and ADP up­
take by the mitochondrial ADP/ATP translocase inhibitors, and 
the binding of atractyloside to a membrane protein would seem 
to place the presence of an eucaryotic type of ADP/ATP trans­
locase In the procaryote M. thermoautotrophicum beyond 
reasonable doubt. ATP synthesis is localised on the internal 
membranes of this organism (1), but the exact function of 
the translocase will remain obscure until the orientation of the 
membrane-bound hydrogenase and ATP-synthetase has been fully 
clarified. However, the presence of the ADP/ATP translocase com­
pletes the picture of a procaryotic organelle which resembles 
the mitochondrion in its function. These data indicate that the 
methanogenic bacteria may indeed be phylogenetlcally distinct 
from both the eubacteria and the eucaryotes. 
4] 
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Introduction 
With the sole exceptions of the 'acetate organisms'1 and a thermophilic 
sarcina2, all methanogens so far isolated have the ability to reduce COj to 
methane using 4 pairs of electrons derived from H 2 , according to equation 
(1): 
C0 2 + 4H2 -* CH4 + 2H2O (1)ДС 0 '= - І З Ш т о Г 1 
Thus, the essence of the problem of 'how do methanogens make methane?', 
which so far has largely centred on the study of certain enzymes and cofac-
tors which might be involved in this process3 " 6, may with equal justification 
be formulated as the question 'what are the pathways of electron (and 
proton) transfer during methanogenesis, and how are they coupled to ATP 
synthesis?'. It is the purpose of the present paper to review the currently 
available answers to this question, laying a greater emphasis than has been 
usual upon membrane-associated events. We begin with a thermodynamic 
analysis of bacterial methanogenesis. 
Thermodynamics of methanogenesis 
Of the various nutritional modes of growth available to methanogens7 
we shall consider only growth on acetate and growth on Hj/COj. During 
growth on acetate this compound is cleaved2,8"10 by an unknown mecha­
nism to give COj and CH4. As stressed by others5, this dismutation is rot an 
intermolecular electron transfer. The modified standard free energy change 
for the reaction 
CH3COO" + H 2 0 -* CH4 + HCO3 (2) 
has been given as -28кІ.тоГ 1 'ог -31 kJ.mol' ' , though in vivo the mass-
action ratio of this reaction is probably such as to increase its exergony. 
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Thus it is perhaps premature to completely exclude substrate-level phosphor­
ylation as a possible means of generating ATP from this reaction. However, a 
number of speculative schemes of protonmotive activity directly coupled to 
reaction (2) have been presented 5 ' 9 · 1 0 . In view of the membrane permeabili­
ty of acetate and CO2, and of their possible uncoupling effects 1 1 , 1 2, we 
would at present view such schemes with some scepticism, and move on to 
the autotrophic mode of growth, in which genuine electron transport, cou­
pled to ADP phosphorylation, does undoubtedly take place. As equation 
(1) indicates, 4 pairs of electrons are required to reduce 1 molecule of C0 2 to 
methane; the formal energetics of the redox couples at each level of oxidation 
are very different, with reduction to the level of HCHO by H2-derived elec­
trons being unfavourable, whilst further reduction to the level of CH4 is very 
favourable (Fig. 1). Thus a mechanism for the coupling of the primary and 
terminal steps of CO2 reduction is a thermodynamic necessity. Such a cou­
pling, in which the terminal reactions of methanogenesis promote the pri­
mary ones, has been observed in vitro, and has been termed 'the RPG effect', 
after R.P. Gunsalus who discovered i t 5 · 1 3 . The nature of this coupling re­
mains obscure, but one possibility, which we should be inclined to favour, 
is that it is a protonmotivated reversed electron transfer of the type displayed 
by pyridine nucleotide transhydrogenase of mitochondria and of E. coli 1 4. 
We discuss this point in some detail later. 
In Fig. 1 we have drawn up an energy-level diagram of all known redox 
couples that may be involved in the transfer of electrons to C 0 2 . Especially 
for the formal 1-carbon couples such a tabulation may be only a guide for, 
apart from methyl-S-CoM5,6, the precise nature of the redox couples partici­
pating in CO2 reduction remains unknown. However, the positions relative 
to H2 of the 1-carbon couples are unlikely to be inaccurate. It is particularly 
regrettable that, apart from hydrogenase, no membranous redox carrier has 
unequivocally been identified. In current studies of what is conceded to be 
a process of electron transport phosphorylation the present emphasis on so­
luble factors (see later) is truly remarkable. However, we should like to 
stress that, as Racker1 s has pointed out, the supernatant of even extracts 
centrifugea for 2 hours at 105,000 χ g contains topologically closed mem­
branous material. The significance of this in energy coupling, particularly 
in view of the chemiosmotic theory 3 , 1 6 , and of derivations thereof (e.g.1 7), 
will be elaborated more explicitly hereafter. We now tum to a more detailed 
discussion of the location and nature of the redox compounds presently iden­
tified in methanogenic bacteria. Since Methanobacterium thermoautotrophi-
cum
1 8
 is undoubtedly the best understood mcthanogen, we shall confine our 
attention almost exclusively to this organism, although we realise that some 
generalisations may well be inapplicable to other organisms, such as the 
nutritionally more versatile Methanosarcina barkeri. 
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Location and nature of electron carriers in methanogenic bacteria 
The first notable feature of methanogens is that they apparently 
contain neither quiñones nor cytochromes3, although spectroscopic evidence 
for the presence of a b-type cytochrome in Methanosarcina barken has 
recently been presented19. Of the known electron carriers in methanogens, 
until recently20 only the hydrogenase, factor F42o and coenzyme M deriva-
tives had been reasonably well charactensed The hydrogenase is undoubtedly 
membrane-bound in vivo, though much is displaced during cell breakage by 
using a stain for hydrogenase and ATPase, Doddema et al.21 were able to 
demonstrate that the apparatus for electron transport phosphorylation 
exists on an intracellular membrane system of M. thermoautotrophicum 
first dpscnbed by Zeikus and Wolfe22 and also present in other methano-
gens4 , 2 3 , 2 4 . Thus whilst most workers who have studied hydrogenase-depen-
dent reactions in these organisms have used 'soluble' systems, the ability to 
identify the location of hydrogenase in intact cells by cytochemical techni-
ques has provided powerful evidence that this enzyme is membrane-bound 
m vivo (and с f also2 5 ) 
F420 w a s th 6 first novel chromophonc compound isolated from 
methanogens26 for which a structure has been definitely established2 7 '2 8 
It is a deazaflavm and is apparently a 2-electron, 1-proton carrier at neutral 
p H 2 9 , 3 0 This, and its polarity, would tend to exclude its participation m 
the type of redox loop previously proposed5 It has a mid-point potential 
of — 340mV (NHE) (Pol, A , unpubhshed), and can catalyse the transfer 
of electrons from H2 to NADP (c f Fig 1 ) Although no other function 
for F420 has been demonstrated in methanogens (and it is not exclusive to 
methanogens, bemg also found in Streptomyces gnseus1 ' ), the finding that 
it is soluble in the oxidised form yet bound in the reduced f o r m 3 , 2 6 , 3 2 , 
would seem to exclude its involvement as a direct electron carrying inter­
mediate on the pathway of methanogenesis, as well as lowering its effective 
in vivo E^ Walsh30 has suggested that it participates directly m hydnde 
transfer to NADP32 Although F420 can participate m the generation of 
H2 from formate via a formate hydrogen lyase 3 3 , 3 4 , labelling experiments 
suggest that free formate Б neither an intermediate in CO2 reduction to 
biomass nor to CH4 (see e g 3 5 ) , and thus the first step of CO2 reduction 
to methane is not a reversal of the formate hydrogen lyase reaction, as may 
occur, for instance, m certain Clostridia36 It could well be that the role 
of F420 is to reduce NADP for biosynthetic purposes Our suggestion that 
this redox earner is not m fact directly involved in methanogenesis is not in­
consistent with the finding that the pathways for CO2 reduction to biomass 
and to CH4 are probably different smce they exhibit very different isotope 
effects37. 
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Coenzyme M, 2-mercaptoethane sulphonate, a coenzyme apparently 
unique to methanogens3 8 , is thought to be involved in the terminal reaction 
of methanogenesis5'6. The E
m
. 7 of the HSCoM/(S-CoM)2 couple is -193 
mV (vs NHE)3 9 . However, it is the methylated form of the coenzyme which 
is reduced by H2-derived electrons to form methane (see e.g.40), according 
to equation (3): 
CH3 - S - CoM + H2 -* СН4 + HS - СоМ (3) 
This reaction requires a hydrogenase, another protein called 'C' and a heat-
stable, dialysable cofactor of unknown structure, this ensemble being known 
as the methyl-CoM reductase complex40. In addition, Mg-ATP is required, 
apparently in catalytic amounts, a point discussed in more detail in a later 
section. Blaylock and Stadtman4 ' ' 4 2 suggested that vitamin B, 2 might be 
a methyl carrier, at least in Ms. barken, and Wolfe6 has mentioned a low 
molecular weight factor, the CDR factor, which is required for CO2 reduc­
tion. Reportsexist on chromophoric factors F342 4 3 , F 4 3 0
4 3
~
4 5
 and YFC 4 6 , 
and Balch and Wolfe4 7 mentioned AC-I and AC-II, probably CoM derivatives 
(c f . 4 6 ) , all of which may be electron carriers. It has also been suggested that 
a succinate/fumarate cycle may be operative in methanogens, although it 
would appear that fumara te reductase plays an assimilato ry role in M. ther-
moautotrophicum49. Very recently, Lancaster84 has reported on several 
very interesting membrane-bound and soluble epr-detectable centres in M. 
bryantii. Finally, Keltjens and Vogels20 have reviewed their studies of a 
number of chromophoric factors, all of which are apparently involved in 
methanogenesis, and of which at least one, factor BQ, has been shown to be 
electroactive (Fig. 1 ). We now tum to a consideration of how electron trans­
port may be coupled to ATP synthesis in methanogens. 
Protonmotivated ATP synthesis in methanogenic bacteria 
In view of the predominance of the chemiosmotic view of energy trans­
duction in bacterial bioenergetics, it seemed logical to assume that a proton-
motivated type of ATP synthesis might be occurring in methanogens, partic­
ularly since it was known that protonophorous uncouplers decreased the 
ATP pool in M. bryantii (MoH)S 0, and in Methanobacterium strain AZ 5 1 , 
concomitantly inhibiting methanogenesis. However, more recent experiments 
undertaken to test this hypothesis yielded the surprising result52 that ATP 
synthesis in intact cells of M. thermoautotrophicum elicited by an artificially-
imposed pH gradient was insensitive to uncouplers. (Similar experiment in Ms. 
barken53, in which the external pH was lowered to 2.5, gave uncoupler-
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Fig. 1 
Redox positions of some reactions of relevance to methanogenesis. Formal couples are 
given in the central column, possible couples in vivo in the left hand column ana artifi-
cial couples in the nght hand column. The redox span necessary to make 1 ATP at an 
in vivo phosphorylation potential of -48kJ mof is given by the downward pointing 
arrows, and the necessary energy coupling to dnve methanogenesis by the upward 
pointing arrow. 
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sensitive ATP synthesis). It was therefore suggested that the ATP synthesising 
apparatus might be located in the internal membrane system in vivo and, as 
noted above, staining procedures confirmed this prediction21. It should be 
stressed that centrifugaüon for 100,000 χ g for 1 hour gave a rather low ATP­
ase activity in the pellet, and 3 hours centrifugation at 140,000 χ g was neces­
sary to obtain good ATPase (ATP hydrolase) activity in the pellet fraction5 2 . 
Therefore, to those who believe that methanogenic enzymes, by virtue of 
their association with electron transport carriers linked to ATP synthesis, 
must be membrane-associated enzymes, these observations are perfectly con­
sistent with the report of Gunsalus and Wolfe54 that the terminal enzymes of 
methanogenesis are in the 100,000 χ g supernatant of cell extracts of M. ther-
moautotrophicum prepared in a similar way to those of Doddema et a l . 2 1 , 5 2 . 
However, Sauer24 et al. showed that the methane-synthesising apparatus of 
M. ruminantium was to be found in the pellet of a cell-free extract subjected 
to 100,000 χ g for 30 minutes. In addition, they found that with this prepara­
tion methanogenesis from C0 2 was independent of the presence of ATP, al­
though an energised state of the membrane was required, in that methano­
genesis was inhibited by protonophorous uncouplers, membrane-permeable 
phosphonium salts, and lytic concentrations of deoxycholate, and was 
stimulated by dicyclohexylcarbodiimide, which is believed76 to block H — 
conducting pores in the FQ part of H— ATPases. Finally, methanogenesis 
from CH3-B12 is catalysed by the membrane fraction of M. kuzneceovii55. 
Thus we may conclude that there is no evidence so far reported which 
is inconsistent, with the idea that electron transport-linked ATP synthesis, in 
which electron transfer is ultimately to CO2, is a classical membrane-asso­
ciated process, and that methanogenesis from C0 2 is also mainly membrane-
associated in vivo. 
Protonmotivated ATP synthesis in M. thermoautotrophicum 
Membrane vesicles prepared by osmotic lysis are well known to be 
the most tightly coupled in bacterial electron transport phosphorylation50. 
Thus Doddema et al.2 1 screened a variety of hydrolytic enzymes in an 
attempt to prepare protoplasts from this organism, sadly without success; 
however, preparation of cell-free extracts by French pressure cell treatment 
was found to produce a membranous system competent in uncoupler- and 
ionophore-sensitive ATP synthesis2 ' . In this work no terminal electron 
acceptor was added, and hydrogen-dependent ATP synthesis declined as 
ATP hydrolysis overwhelmed it in 1-2 minutes5 7. However, phenazine etho-
sulphate5 8 or factor BQ0 could be added as terminal electron acceptor with 
concomitant stimulation of ATP synthesis57. One remarkable feature of 
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Λ TP synthesis in this system was that it was sensitive to appropriate con­
centrations of 3 diftercnt inhibitors of the mitochondrial adenine nucleotide 
translocasc enzyme11 (review49), suggesting that such a carrier might be 
present in these membranes. More recent work6 0 has confirmed this sugges­
tion beyond reasonable doubt, since atractylate-sensilivc ADP uptake. ЛТР 
synthesis and ATP hydrolysis could all be demonstrated. Г-urthcr a single 
poh peptide could be observed to buid radioactive atractylosidc during 
Polyacrylamide gel electrophoresis in the presence of triton X-100. Finally, 
measurement by a flow dialysis technique similar to that described previous­
ly 6 0 of the orientation of the protonmotive force in this system using the 
membrane-permeable ion distribution method6 ' suggested that predominant­
ly 'right-side-out' vesicles, in which the direction of electron transport-driven 
H+ translocation was outwards, contributed to the energised state in this 
system, (Fig. 2) and that thus ATP synthesis necessitated the participation of 
an adenine nucleotide translocase enzyme. No (< 30mV) protonmotivated 
pH gradient could be detected5 7. It would seem that the key role played by 
an adenine nucleotide translocase and by the internalised membrane system 
in M. thermoautotrophicum which necessitates its action, should be taken 
into account in any appraisal of the phylogeny of methanogens6 2"6 6. 
Γιε. 2 
30 40 
fraction number 
Orientation of the membrane potential generated as result of H 2 oxidation by membrane 
vesicles of M. tlicimoautotroplucum. 
По« dialysis was performed as described6 0 in a medium containing 0.12M sodium 
bicinc pll 7.4. lOniM phenazmc elhosulphate and 5 mg vesicle prote in 2 1 . The reaction 
was started by adding 0.4 дСі of С СИ -dibenzyldimethylammomum bromide (* - *) 
(plus 5μΜ sodium tetraphenvl borate) or KS 1 4 CN (ώ - ¿ j each to a final concenUation 
of 7μΜ. At the arrow , 1 CCI' w as added to a final concentration of ΙΟμΜ. Τ = 60CC. The 
flow buffer contained 0.0001% w/v resazunn plus 0.01% w/v cysteine hydrochloride -
tris pH 7. 
Coupling of electron transport, C02 reduction and ATP synthesis 
We have alluded earlier to the tendency of workers in the field of me-
thanogen biochemistry to concentrate upon the 'soluble' fraction of cell 
extracts. We have also suggested that it might be particularly rewarding to 
reappraise available evidence as supporting the concept that methanogenesis 
from C02 is actually a membrane-associated process in vivo, as is electron 
transport phosphorylation in other anaerobically-respiring organisms3,1'. 
Certainly under autotrophic growth conditions cell growth is entirely de-
pendent upon electron transfer between H2 and CO2 and its coupled ATP 
synthesis. In other words the same electron transfer reactions which are 
coupled to ATP synthesis are those which are involved in methanogenesis. 
Further, as would be expected by analogy with other microbial systems16, 
such ATP synthesis driven by H2 oxidation is catalysed by the membrane 
fraction of cell-free extracts, at least in M. thermoautotrophicum21 upon 
which we shall concentrate our analysis. 
As mentioned in the introduction, the terminal reactions of electron 
transfer during methanogenesis must in some way be coupled to the primary, 
endergonic steps of COj reduction. Such a coupling may in principle be 
either via a 'high-energy' cofactor (such as ATP) or via an energised mem-
brane state16. We shall review evidence consistent with the view that the 
latter theory is correct. 
The classical method for testing the involvement of a protonmotivated 
energised membrane state in any biological process is to see whether that 
process is sensitive to protonophorous uncouplers of electron transport phos-
phorylation. It was established for intact cells of M. bryantii (MoH)S0 and 
strain AZS1 that protonophorous uncouplers do indeed inhibit methano-
genesis though, as the former workers pointed out, 2,4-dinitrophenol is re-
duced by methanogens, and thus may not be acting as a pure uncoupler. 
Sauer et al.24 have also shown that methanogenesis from C02 by membrane 
vesicles of M. nuninantium is sensitive to uncouplers; this is indeed to be 
expected for the thermodynamic reasons outlined earlier. However, it is not 
known whether the terminal reaction of methanogenesis, the reduction of 
methyl-S-CoM by H2 to CH4 and HS-CoM, is sensitive to appropriate con-
centrations of a good uncoupler, although Gunsalus and Wolfe54 showed that 
it was inhibited by 2,4-dinitrophenol. Since both the HS-CoM/(S-CoM)2 and 
CH3OH/CH4 couples lie on the oxidising side of Hj, one can say with cer-
tainty that reaction (3) is exergonic, although the exact thermodynamics can-
not be calculated from available information. Thus, an experimental deter-
mination of the equilibrium constant for the reaction of equation (3) will be 
eagerly awaited. It should be mentioned that reaction (4): 
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СНз-S-CoM + HS-CoM -»· CH4 + (S-CoM)2 (4) 
followed by (S-CoM)2 reduction does not yet appear to have been excluded 
as an intermediary pathway in reaction systems designed to assay the reaction 
of equation (3). It is thus remarkable that the exergonic reaction (3) has, in 
the hands of most workers, an absolute requirement for ATP, although this 
role is 'catalytic', 1 molecule of ATP being required per fifteen54 or five67 
CH4 molecules formed. ADP (which may form ATP via the adenylate kinase 
reaction in this organism) sustained 50% of the rate achieved with ATP, but 
non-hydrolysable analogues of ATP were ineffective54 at promoting the 
reaction. Recently, Shapiro and Wolfe68 also found a 'catalytic' requirement 
for ATP in the methylation of CoM by methanol in extracts of M. barken, 
85 methyl groups being transferred per molecule consumed. Earlier, in an 
extract of M. bryantii (MoH), Roberton and Wolfe69 had shown that re-
synthesis of ATP during methanogenesis from C 0 2 , although taking place, 
was not able to account for the puzzling lack of stoichiometry, and also that, 
once ATP had reacted, its presence was unnecessary for ongoing methano­
genesis. There are a number of possible explanations for the role of ATP in 
this reaction which suggest themselves to the bioenergeticist: (i) it may act to 
block a proton leak, as found for ATP in chloroplasts7 0 and for GTP in 
brown fat mitochondria71, (ii) it may act to create an energised membrane 
state by being hydrolysed but subsequently and slowly resynthesised; such 
an energised state might be only a kinetic and not a thermodynamic require­
ment, (iii) it may act to adenylylate or phosphorylate an enzyme or cofactor. 
Attempts by Gunsalus and Wolfe54 to isolate such a covalently-modified 
form of the enzyme complex, were unsuccessful. In view of the fact that 
the ATP requirement disappears once ATP has reacted6 9, we are inclined 
presently to favour this last possibility. 
Inhibitors of methane generation and H+-ATPase 
It would be useful to have at our disposal a family of electron transport 
and ATPase inhibitors, with which to dissect out the various components in 
the train of events which comprise the bioenergetic pathway in methanogens. 
Regrettably, those currently available are few in number, and (in the case of 
possible electron transport inhibitors) their mode or site of action is un­
known. On a molar basis, amongst the most potent inhibitors of electron 
transport are the viologen dyes7 2, with EQ values as shown in Fig. 1. They 
may certainly be preferentially reduced by the hydrogenase in cell-free ex­
tracts4 0 . Nitrous oxide blocks methanogenesis from CO27 3' but not from 
CH3-S-C0M. Nitrite and 1,10-o-phenanthroline are capable of inhibiting 
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the reduction of CH3-S-C0M. Bromoethane sulphonate is a potent inhibitor 
of methanogenesis from CH3-S-C0M74; whether it inhibits earlier stages of 
COj reduction, or methanogenesis from methanol in M. barkeri68 is ap-
parently unknown. Halogenated methane analogues are also potent inhi-
bitors of methanogenesis75, although the inhibition by long-chain fatty 
acids75 may be ascribed to an uncoupling action. 
Of known ATPase inhibitors76 efrapeptin and dicyclohexyl carbodi-
imide (DCCD) are active against the membrane-bound ATPase of M. thermo-
autotrophicum but oligomycin, Dio-9, venturicidin and tributyltin are not5 7 . 
Note that assays of the effectiveness of polypeptide antibiotics at 650C should 
be performed with caution. Since extracts of M. thermoautotrophicum 
usually contain a significant adenylate kinase activity, it is useful to note 
that diadenosine pentaphosphate (ApsA)77 is a potent inhibitor of this 
reaction in this organism5 7 (R.K. Thauer, pers. comm.). 
Other energy-linked reactions of methanogens 
Essentially nothing is known of putatively protonmotivated solute 
uptake in methanogens, although staining procedures in M. thermoauto-
trophicum show some ATPase activity in the cytoplasmic membrane2 ' . 
However, Balch and Wolfe4 7 did demonstrate an energy-dependent uptake of 
CoM and methyl-CoM in M. ruminantium. Apart from the work on adenine 
nucleotide translocase6 0 no studies have yet appeared of other active trans-
port systems in methanogens. 
Growth yields and the P/2e" ratio in methanogens 
Thauer et al.3 suggested from a consideration of the poor growth yields 
then found, and from the thermodynamics of autotrophic growth78 that 
methanogens should have a P/2e' ratio of 1. We are inclined to think this 
suggestion a little premature for a number of reasons: (i) recent thinking79"8 ' 
suggests that there is no need for P/2e" ratios to have integral values, (ii) in-
creases in growth yield have been achieved through improvements in the 
growth medium, particularly the addition of nickel4 '1 , 8 2 ,(üi) the subtlety of 
the coupling between the various electron transfer reactions of methano-
genesis, and our ignorance of the actual carriers involved, indicate that one 
should not truly speak of a single P/2e" ratio being displayed by these orga-
nisms. We may also note that the efficiency of growth is a function of Hj and 
C02 concentration'2. Thus as yet no approach to the estimation of the P/2e" 
ratio seems compelling. In this regard it is regrettable that no attempts to 
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measure the -»• H+/2e' ratio using an H2 -pulse method have yet been de-
scribed, although, since the presence of carbonic anhydrase is required for 
this assay83, CO2 cannot be used as a terminal electron acceptor5 7 . 
Summary and Prospect 
The renaissance of interest in the methanogenic bacteria which follow-
ed improvements in the techniques for growing these strict anaerobes was 
fostered by a more widespread realisation of their importance in systems for 
energy transduction using renewable resources. It is somewhat paradoxical 
therefore that so little is still known of the bioenergetics of these organisms 
themselves. It seems too early to speculate about energy-linked reactions in 
methanol- or acetate-grown cells, but from presently available data the 
following concept emerges to describe energy coupling in autotrophically-
grown cells. 
The reduction step from the formate to formaldehyde levels of reduc-
tion is thermodynamically unfavourable, and requires an input of energy, 
which is supplied by an energised membrane state. The necessary reversed 
electron transfer makes the reduction of CO2 to CH4 uncoupler-sensitive. 
In this respect it is important to realise that all soluble systems so far de-
scribed contain membrane vesicles. Further reduction of the Ci unit from 
the level of formaldehyde to that of methyl-CoM follows a presently un-
known pathway. The final reduction step from the methyl-CoM level to 
CH4 requires catalytic amounts of ATP, probably to adenylylate or phos-
phorylate one of the components of the methylreductase complex. Un-
coupler sensitivity at this stage seems unlikely in vivo. One may speculate 
that, at least in M. thernioautotrophicum, C02 reduction to CH4 takes place 
within a specialised 'methanochondrion' organelle. 
Purification and reconstitution of the enzymes and soluble cofactors 
involved in methanogenesis will obviously be needed to study further the 
electron transfer pathways of methanogens, and identification of the un-
doubtedly numerous membrane-bound electron carriers may be antici-
pated together with study of their redox potentials and cellular location. 
The sensitivity of methanogenesis to ionophores and phospholipases re-
mains, importantly, to be established. The isolation of sphaeroplasts of 
methanogenic bacteria would prove most useful for furthering our under-
standing of energy coupling in these unique and exciting bacteria. 
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PAimAL PURIFICATION AND SOME PROPERTIES 
OF THE HYDROGENASE OF 
METHANOBACTERIUM THERMOAUTOTROPHICUM 
Introduction 
The enzyme hydrogenase reversibly activates H2, the simplest molecule 
known. To date a number of hydrogenases have been purified from both 
aerobic and (facultatively) anaerobic microorganisms (Shengrund and Krasna, 
1969; Chen and Mortenson, 1974; Gitlitz and Krasna, 1975; Schneider and 
Schlegel, 1976; Yagi et al., 1976; Serebiyakova et al., 1977; Hatchikian et 
al., 1978; Schoenmaker et al., 1978; van der Westen et al., 1978; Adams 
and Hall, 1979; Schink and Schlegel, 1979; van Dijk et al., 1979; McKellar 
andSprott, 1979). 
Physiologically the enzyme enables the cells to get rid of excess elec-
trons produced during the oxidative breakdown of substrates. Protons serve 
as terminal electron acceptors and hydrogen is produced. Technologically 
such hydrogen production from water by solar energy may become impor-
tant (Krasna, 1979). 
Alternatively the hydrogenase oxidises hydrogen, as a soluble enzyme 
supplying reducing equivalents (Schneider and Schlegel, 1976), or as a mem-
brane-bound enzyme generating the driving force for oxidative phosphoryl-
ation (Peck, 1960; Peck, 1966; Bongers, 1967; Ishaque and Aleem, 1970; 
Thauer et al., 1977; Doddema et al., 1979; Paul et al., 1979; Jones, 1980; 
Doussière et al., 1980). 
The methanogenic bacteria act in nature as hydrogen scavengers, thus 
keeping hydrogen pressures low, and enabling growth of the hydrogen pro-
ducing fermentative bacteria (Bryant et al., 1967) or alternatively changing 
fermentation pathways (Latham and Wolin, 1977). Recent but scant informa-
tion is available (Brown and Ferry, 1980; Chen and Blanchard, 1980; Daniels, 
personal communication) about the presence of two hydrogenases in Metha-
nobacterium formicicum, which show different acceptor specificity. Two 
functionally different hydrogenases also occur in Alcaligenes eutrophus 
(Schneider and Schlegel, 1976; Schneider and Schlegel, 1977; Schink and 
Schlegel, 1979) and in Anacystis nidulans (Peschek, 1979). Sometimes the 
soluble and particulate enzyme tum out to be identical (Gogotov et al., 
1978). 
The data available at present about the hydrogenases from different 
methanogenic bacteria indicate that the enzyme has different properties in 
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different strains (cf. McKellar and Sprott, 1979) and that it is difficult to 
work with. The molecular weight data range from 60 kD in M. thermoauto-
trophicum strain Marburg (Fuchs et al., 1979) via 600 kD in M. thermoauto-
trophicum strain ΔΗ (Gunsalus, 1977) to 900 kD in Methanobacterium 
strain G2R (McKellar and Sprott, 1979). The enzyme is reported to be 0 2 
sensitive in strain ΔΗ (Gunsalus, 1977; Doddema, 1980) and in strain G2R 
(McKellar and Sprott, 1979) or Oj insensitive in strain Marburg (Fuchs et al., 
1979) or M. formicicum (Daniels et al., 1980). The enzyme is reported so­
luble in strain ΔΗ (Gunsalus, 1977) and strain Marburg (Fuchs et al., 1979) 
and insoluble in strain ΔΗ (Doddema et al., 1979) and strain G2R (McKellar 
and Sprott, 1979). The enzyme may be or not be sensitive to CO or CN" 
(Gunsalus, 1977; Fuchs et al., 1979; McKellar and Sprott, 1979). Usually the 
coenzyme F420 (Eirich et al., 1978) is supposed to be the physiological elec­
tron acceptor of the hydrogenase (Gunsalus, 1977). However as we have 
pointed out elsewhere in this thesis such a role for F4
 2 0 in membrane energi­
zation seems unlikely. Of the two hydrogenases reported in M. formicicum 
one reduces F 4 2 0 whereas the other does not; one is tempted to think that 
the F420 reducing enzyme is the supplier of reducing equivalents and the 
other the driving force for oxidative phosphorylation, using a yet unknown 
electron acceptor (see chapter 6). In this respect it is interesting to note that 
the membrane-bound hydrogenase described by McKellar and Sprott (1979) 
does not reduce F4 2 0 · 
In this chapter I will describe some of the properties of a highly puri­
fied preparation of the hydrogenase of M. thermoautotrophicum strain ΔΗ. 
A preliminary report has been published before (Doddema, 1980). 
Materials and Methods 
Organism. Cultures of M. thermoautotrophicum strain ΔΗ were grown as de­
scribed previously (Doddema et al., 1979), but 2.5 μΜ NiC^ was added to 
the growth medium (Schönheit et al., 1979). Cell extracts were prepared as 
described previously (Doddema et al., 1979). For the purification of the 
hydrogenase the 150.000 χ g supernatant after 3 h centrifugation was used as 
the starting material. Usually this fraction was stored frozen at —80oC under 
H2 until use. 
Purification procedure. All purification steps were performed at room tem­
perature unless stated otherwise, in an all steel anaerobic hood in an atmo­
sphere of 97.5 vol. % N2 and 2.5 vol. % H2. All steps were performed in 10 
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) buffer 
pH 7.6, containing 30 mM 2-mercaptoethanol and referred to as buffer in the 
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forthcoming paragraphs. The 150.000 χ g supernatant (about 10 mg protein/ 
ml) was thawed, brought to 30 mM 2-mercaptoethanol and stirred slowly at 
40C for 24 h under H 2 . The precipitate, if any, was removed by centrifuga-
tion (8000 χ g for 30 min). The resulting supernatant was fractionated with 
(NUi^SO,». The hydrogenase was collected from the 30-60% saturation 
fraction. This fraction usually contained 8 mg protein/ml. After anaerobic 
dialysis against a tenfold volume of buffer (6 h, and performed twice) the 
fraction was loaded on a DEAE-Sephacel column (25 χ 3 cm) previously 
equilibrated with buffer. After washing with one void volume of buffer, pro­
tein was eluted with a linear gradient of NaCl (0 to 0.5 M, 500 ml) at a pump 
velocity of 60 ml/h; 12 ml fractions were collected. Fractions containing 
hydrogenase activity were pooled and usually concentrated over an Amicon 
PM 30 ultrafilter. To this concentrated fraction (13 mg protein/ml) 
(NH4)2S04 was added to a final concentration of 10%w/v. This fraction was 
loaded on an octylsepharose column (10 χ 2 cm) previously equilibrated with 
buffer containing 10% w/v ( N H ^ SO4. The column was washed with 25 ml 
buffer with 10% w/v (NH4)2S04, and protein was eluted with a linear 
(NH4)2S04 gradient (from 10 to 0%w/v, 50 ml) at a pump velocity of 18 
ml/h; 6 ml fractions were collected. 
Hydrogenase assay. Hydrogenase was assayed quantitatively in anaerobic cu­
vettes containing a 2.5 ml reaction mixture of 50 mM HEPES buffer pH 7.6, 
10 mM benzylviologen (BV), 0.5 mM NiCl2 and 5 mM MgCl2, at 650C. The 
reaction was started by the addition of 0.3 ml of a proper dilution of enzyme 
in buffer (final concentration of 2-mercaptoethanol in cuvette 3 mM) to a 
prewarmed cuvette (Doddema et al., 1979). The molar extinction coefficient 
for BV used was S 6 0 2 = 7.4 mM"
1
 cm'
1
. The absorption change at 602 nm 
was followed in a Cary 118 recording spectrophotometer. 
Qualitatively hydrogenase was detected by adding 50 μΐ of the above de­
scribed reaction mixture to 50 μΐ of a protein-containing fraction in a micro-
titration plate in the anaerobic hood. The H2 present in the atmosphere of 
the hood was sufficient to make the hydrogenase-containing fractions turn 
blue instantaneously. 
Protein determination. Protein was determined according to a modified Low-
ry procedure (Bensadoun and Weinstein, 1976) or a Coomassie brilliant blue 
method (Sedmak and Grossberg, 1977). Bovine serum albumine was used as 
a standard. Qualitatively protein was determined by mixing 50 μΐ of the 
Coomassie brilliant blue reagent (Sedmak and Grossberg, 1977) with 50 μΐ of 
each fraction from the columns in a microtitration plate. A blue colour indi­
cated the presence of protein. 
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Polyacrylamide (PAA) gels. PAA gels were run in HEPES buffer, further 
according to Ohlenschläger et al. (1980). Sodiumdodecylsulfate (SDS)PAA 
gels were run after treatment of the protein with 5% v/v 2-mercaptoethanol 
and 2% w/v SDS at 100oC for 3 min, further according to Ohlenschläger et 
al. (1980). Hydrogenase activity on PAA gels was determined by incubating 
gels directly after the run in anaerobic test tubes with 10 ml of the above 
described hydrogenase reaction mixture (HEPES + BV) under 100% H2 in a 
shaking water bath at 650C. Hydrogenase bands were fully developed within 
5 min. On these gels protein was determined afterwards with Coomassie 
brilliant blue. 
Spectra. Spectra were recorded at room temperature in а Сагу 118 recording 
spectrophotometer. The hydrogenase was oxidised by exposure to air at 40C 
for 1 day in the dark. 
Nickel was determined in a Beekman Atomic Absorption Spectrometer. Gasses 
were freed of O2 as described previously (Doddema et al., 1979). All chemi­
cals used were of the highest purity available. 
Results and Discussion 
Purification. Table 1 represents the purification achieved after (NH4 ) 2 SO4 
precipitation, DEAE-Sephacel and octylsepharose column elution. Com­
parable results were obtained from 4 different purification runs. 
Table 1. 
Purification of hydrogenase 
Fraction 
150.000 χ g 
supernatant 
30-60% 
(N114)2804 
DEAE-Sephacel 
octylsepharose 
Volume 
(ml) 
166 
100 
110 
12 
Protein 
(mg/ml) 
10.1 
9 3 
5.1 
1.2 
Activity 
(/лпоі BV 
/min/mg) 
25.4 
36.9 
179 
765 
Protein 
(%) 
100 
55 
33 
5 3 
Activity 
(%) 
100 
80 
235 
161 
64 
The first two purification steps proved to be highly reproducible. The 
hydrogenase eluted from the DEAE-Sephacel column at 0.4 M NaCl. When 
extracts were prepared from cells grown without nickel added to the growth 
medium, the hydrogenase eluted at 0.3 M NaCl. The reason for this difference 
remains obscure. The octylsepharose column separation was less reproducible. 
The amount of protein found in the hydrogenase-containing fractions was 
always about 5%. However sometimes almost all activity was lost, whereas 
the most active preparation obtained 4% of the original protein and showed 
217%of the original activity (1300 μιηοΐ BV/min/mg protein). 
Purity and spectrum. PAA gels of this active fraction showed 6 protein bands, 
all of which showed hydrogenase activity; however SDS-PAA gels showed 13 
protein bands. This indicates the presence of different polymers of the hydro­
genase (cf. Gunsalus, 1977; Fuchs et al., 1979; McKellar and Sprott, 1979) 
and obviously complexes with other proteins. The reduced spectrum of the 
highly purified hydrogenase resembles that of other hydrogenases with a 
peak at 275 nm and a broad peak at 400 nm (Chen and Mortenson, 1974; 
Gogotov et al., 1978; Hatchikian et al., 1978; van der Westen et al., 1978; 
Schoenmaker et al., 1979). Upon oxidation the 400 nm peak disappears, 
whereas the peak at lower wavelengths increases dramatically (Fig. 1). Many 
hydrogenases are FeS-proteins; because of the impurity of our preparation 
it is too early to decide whether the M. thermoautotrophicum hydrogenase is 
also a FeS-protein. Daniels et al. (1980) report that the hydrogenase of M. 
formicicum (in an even less purified state) is a FeS-protein. 
Metals. The metal chelating agent EDTA (1 mM) inhibited the hydrogenase in 
the 150.000 χ g supernatant by about 30%. Gunsalus (1977) found no inhibi­
tion by o-phenantroline however. When 0.5 mM NiCl2 was added rather than 
EDTA the hydrogenase activity was stimulated 2-fold. This enhancement of 
activity by Ni2+ was found at different stages of purification. Fe2 +, Cu2+, 
Co2+ or Mn2+ did not stimulate hydrogenase activity. The most active hydro­
genase fraction discussed before contained 20 mg Ni2+/128 mg protein, 
which assuming a pure preparation of the hydrogenase with a molecular 
weight of 60 kD, would yield 160 Ni2+ per molecule. This is obviously an 
artefact, Ni2+ is known to form complexes with proteins; this Ni2+ is some­
times tightly bound in the reactive centre (Ray et al., 1972; Ose and Fri-
dovich, 1976). 
Cofactors. Most of the Ni2+ taken up by cells of M. thermoautotrophicum is 
found back in the cofactor р4з 0 (Diekert et al., 1980). This р 4 3 0 is protein 
bound. If at least part of the Ni2+ content of the hydrogenase would have 
any real significance, one could be led to believe that F 4 3 0 is bound to the 
hydrogenase-containing complex. However the reduced and oxidised spectra 
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(Fig. 1 ) do not correlate with that of F4 3 0 (Gunsalus and Wolfe, 1978). After 
acidification of the 150.000 χ g supernatant to pH 4.0 the resulting superna­
tant contains yellow and colourless but fluorescent compounds, which could 
not be identified as one of the known cofactors in methanogenic bacteria by 
thin layer chromatography, absorption or fluorescence spectroscopy. The 
yellow compound did not have the properties of the cofactor of the hydro-
genase of Alcaligenes eutrophus (Schneider and Schlegel, 1978). The nature 
of the cofactor of the hydrogenase remains to be established. 
Oxygen sensitivity. The 150.000 χ g supernatant was exposed to air for 16 h 
at 40C. After the incubation 60%of the activity had disappeared. The hydro­
genase activity could not be restored by reduction with dithionite as de­
scribed for the hydrogenase of Methanobacterium strain G2R (McKellar and 
Sprott, 1979). Upon purification of the enzyme the activity became more 
0 2 sensitive; exposure to O2 even at low levels by accidental leakage of the 
anaerobic hood resulted in almost total inactivation of the hydrogenase acti­
vity. 
Reducing agents. Sodium dithionite (0.2 mM) and dithiothreitol (0.2 mM) 
initially enhanced hydrogenase activity, but inactivated after prolonged incu­
bation (3 h). 3 mM and 30 mM 2-mercaptoethanol stimulated hydrogenase 
activity but at the higher concentration 2-mercaptoethanol sometimes tended 
to inactivate enzyme activity. 
Substrate specificity. The 150.000 χ g supernatant reduced a large number of 
artificial electron acceptors and F420 (Gunsalus, 1977; McKellar and Sprott, 
1979; Doddema, unpublished results). Upon purification the hydrogenase 
became more fastidious. Factor F4 2 0 was no longer reduced by the DEAE-
Sephacel eluent, and the methyl viologen reduction rate decreased, in con­
trast to the increase of the BV reduction rate (Table 1). No second hydro­
genase peak was observed to elute from the column. The first set of data 
would indicate the presence of 2 or more hydrogenases, whereas the second 
does not agree with that idea, nor did electron microscopy (Doddema et al., 
1979). 
Further purification steps using molecular sieves did not result in any further 
purification of the hydrogenase. A major part of the hydrogenase activity was 
lost, and the remainder always eluted with the void volume, even after treat­
ment with and elution in 1 % desoxycholate. 
Concluding remarks 
The extreme oxygen sensitivity and at the same time the sensitivity to 
reducing agents seriously interfere in the purification of the hydrogenase of 
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M. thermoautotrophicum. The criterium used for purity of the hydrogenase 
of Methanobacterium strain G2R (McKellar and Sprott, 1979) forms no 
guarantee that these authors have indeed achieved full homogeneity of their 
enzyme preparation, as they show more hydrogenase bands than protein 
bands on their PAA gels, and as they use no other methods to check the puri-
ty. Reports from other authors (Gunsalus, 1977; Fuchs et al., 1979; Brown 
and Ferry, 1980; Chen and Blanchard, 1980; Daniels et al., 1980) describe 
the hydrogenases of different strains of methanogenic bacteria at the same 
or lesser state of purification as reported here. Considering the conflicting 
data given by the different authors a more definite description of the hydro-
genase will have to await a reproducible large scale purification of the en-
zyme. 
500 600 
wavelength (nm) 
Fig. 1. Spectra of hydrogenase 
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Summary 
This thesis describes some aspects of the bioenergetics of a thermophilic 
methane-producing microorganism. 
The first chapter introduces the reader into application of methane 
fermentation in different processes, the different methane producing micro-
organisms, and the role of ATP or the energized state in methane synthesis. 
The next chapters describe parts of the biological system that becomes 
energized by the oxidation of hydrogen, and is then involved in carbon 
dioxide reduction and ATP synthesis. 
Chapter 2 describes the properties of the membrane-bound ATP-ase and 
its function in ATP synthesis in whole cells of Methanobacterium thermo-
autotrophicum when an artificial proton gradient is applied. 
Chapter 3 describes the localization of the enzymes hydrogenase and 
ATP-ase on internal membranes in the cells, and the hydrogen dependent 
ATP production by subcellular particles; moreover qualitative data are 
presented about the energization of the membranes. 
Chapter 4 describes how the cofactors present in, and unique for, the 
methanogens can be used for identification purposes. The cofactors described 
are possibly involved in hydrogen oxidation and carbon dioxide reduction. 
Chapter 5 describes the presence of an adenine nucleotide translocating 
enzyme with eucaryotic properties, indicating a mitochondrial type of 
organization of the internal membrane systems. 
Chapter 6 is a more theoretical approach to the link between the 
energized state of the membrane and methane synthesis, and explains why 
methane synthesis must occur on the membrane. 
Finally chapter 7 presents a description of some of the properties of the 
hydrogenase of Methanobacterium thermoautotrophicum. 
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Samenvatting 
Het proefschrift houdt zich bezig met de energie huishouding van een 
thermofiele methaanvonnende bacterie. In hoofdstuk 1 wordt een inleiding 
gegeven over het gebruik van de methaangisting in verschillende processen, 
de daarbij betrokken microorganismen, en de rol van de energie bij de reduc-
tie van CO2 tot CH4. De volgende hoofdstukken omschrijven deelaspecten 
van het biologische systeem dat door de oxidatie van waterstof de geëner-
getiseerde toestand bereikt, waardoor C02 reductie en ATP productie moge-
lijk wordt. 
Hoofdstuk 2 beschrijft de eigenschappen van het ATP-ase en toont aan 
dat het als een ATP synthetase kan functioneren. 
Hoofdstuk 3 beschrijft de localisatie van het hydrogenase en ATP-ase 
in de cel, en de koppeling van waterstof oxidatie aan ATP synthese, en toont 
tevens kwalitatief de geënergetiseerde toestand van de membraan aan. 
Hoofdstuk 4 beschrijft hoe de aanwezigheid van de voor methanogene 
microorganismen unieke cofactoren betrokken bij H2 oxidatie en C02 
reductie gebruikt kan worden voor identificatie van de microorganismen. 
Hoofdstuk 5 beschrijft een enzym dat noodzakelijk is voor transport 
van adenine nucleotiden over de celmembraan om ATP synthese mogelijk te 
maken. 
Hoofdstuk 6 geeft aan hoe de geënergetiseerde toestand, bereikt door 
waterstof oxidatie, gekoppeld is aan en noodzakelijk is voor de vorming van 
CH4 uit CO2, welke rol enkele cofactoren daarbij spelen, die uniek zijn voor 
methaanvormende microorganismen, en welke rol ATP daarbij speelt. 
Hoofdstuk 7 tenslotte beschrijft de eigenschappen van het hydrogenase, 
het enzym dat de drijvende kracht vormt voor de energetisering van de 
membraan, de COj reductie en ATP synthese. 
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S T E L L I N G E N 
I 
Gezien het voorkomen van omvangrijke Lampropedia populaties in de pens 
van herkauwers is het onjuist deze organismen als strict aëroob te omschrij-
ven 
Bergey's Manual of Determinative Bacteriology 
Williams and Wilkins Baltimore, 1974 
II 
De door Rowe et al beschreven Methanosarcina populatie m de pens van 
schapen is waarschijnlijk een Lampropedia populatie 
Rowe et a l , Br J Nutr 41(1979)393-397 
III 
Вц de localisatie van het hydrogenase in sferoplasten en membraan vesicles 
van Paracoccus denitrificans riskeren Doussiere et al onjuiste conclusies 
door geen aandacht te schenken aan het feit dat geoxideerd benzylviolo-
geen niet membraan permeabel is 
Doussiere et al FEBS Letters 14 (1980) 291-294 
IV 
De conclusie van Tsuchiya en Rosen dat FCCP de ATP synthese in hele cellen 
van Escherichia coli remt is met gerechtvaardigd gezien de zeer grote gevoelig­
heid van de ATP bepaling m b ν vuurvliegjes extract voor FCCP 
Tsuchiya en Rosen, J Bacteriol 127(1976)154-161 
V 
De opbloei van het onderzoek van de methaan gisting wordt sterk gestimu­
leerd door de energie- en afvaüntensieve industrie, doch niet in financieel 
opzicht 
VI 
Beter een heilige koe op stal dan tien op de weg 
VII 
De uit 1805 stammende tekst van Jean Potocki "dat de bliksem een eerste 
ontwikkeling had kunnen veroorzaken in het oer-zuur, dat oneindig ge-
varieerd, onveranderlijk dezelfde vormen zou reproduceren . " is een 
duidelijk geval van serendipiteit, maar kan niet als verwijzing naar de dubbele 
helix van het DNA-molecuul beschouwd worden 
R Kousbroek, Anathema's I 
Meulenhof, Amsterdam, 1969 
VIII 
De uitspraak dat "de mentaliteit, die de aarde en alles om je heen als onthei-
ligd, als niet bezield ziet, samenhangt met de ontwikkeling van het vermogen 
tot het vernietigen van de medemens" is absurd. 
Interview Andreas Bumier 
Lesbies Prachtboek, Uitgever;) Sara, Amsterdam 1979 
IX 
De reclametekst "bacteriën hebben nooit vakantie" lijkt in stryd met de waar-
neming dat het op vakantie gaan van de gastheer vaak een uittocht van de nor-
male darmflora tot gevolg heeft 
X 
Het op grote voeten leven bemoeilijkt het op grote voet leven 
Nymegen, 18 december 1980 H J. Doddema 


